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PREFACE

The present investigation has been carried out at the Norwegian Defence Rescarch
Establishment, Division for Toxicology, Kjeller, in the period 1976 — 1979. It repre-
sents part of a continuing research program undertaken by the Institute, aimed at the
elucidation of biochemical aspects of brain organization and function at the synaptic
level. Increasing our knowledge in this arca is a prercquisite for understanding drug ‘
1 actions, intoxications and specific disorders of the brain, and for devising rational i
treatments for these conditions.

1 wish to express my gratitude to Dr philos F Fonnum, Head of the Division for
Toxicology, for introducing me to the excitement of modern neuroscience, and for
his continuing and inspiring support during the investigation. [ also wish to thank the
Director of the Institute, Mr Finn Lied, for providing research facilities. 1 am further
indebted to Dr R Lund Karlsen for discussions and suggestions during the initial
investigations. Mrs K Holte and Mr P J Karlsen have given me technical help, Mrs E
Iversen has instructed me in some of the microchemical techniques used, and together
with Mrs L Eliassen given me technical assistance during parts of the study. I am also
grateful to my colleagues at the NDRE for the stimulating milicu they have provided.

[ am particularly grateful to my father and my late mother, who by their own

example showed me the attractions of a life in biomedical science, and to my wife
for her support throughout the period of this work.

New Haven, Connecticut, June 1981

Ivar Walaas
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NEUROTRANSMITTER MECHANISMS IN THE NUCLEUS ACCUMBENS SEPTI
AND RELATED REGIONS IN THE RAT BRAIN

SUMMARY

The present investigation compares the localization of different transmitter candida-
tes, particularly the amino acids Y-aminobutyrate (GABA) and glutamate (GLU), in
limbic and basal ganglia regions in the rat brain. In particular, the characteristics of
nucleus accumbens septi have been studied in some detail. GABA neurons have been
found in nucleus accumbens, and GABA projections from this nucleus have becn
identified in restricted basal forebrain and mesencephalic regions. GLU projections
from the neo- or allocortex have been found to terminate in nucleus accumbens and
other forebrain and hypothalamic nuclei. Neurotransmitters in local neurons have
been identified in the hippocampus, nucleus accumbens, scptum and caudatoputamen
by means of local kainic acid injections, while ncurons in the mediobasal hypothala-
mus have been studied after systemic treatment of newborn animals with monoso-
dium glutamate. The results are discussed as a basis for a better understanding of
limbic-basal ganglia interactions.

1 OBJECT OF INVESTIGATION

The present study was initiated in order to gain basic information on some aspects of
ncurotrunsmitter mechanisms in the mammalian brain. Analysis of regions with dop-
aminergic innervation scemed of particular importance, due to the suggested role of
such regions in movement disorders, endocrinological and mental dysfunction, and
antipsychotic drug action (Costa and Gessa 1977, Roberts ¢t al 1978). Furthermore,
anatomical and functional reclassifications of the limbic system-basal ganglia interface,
particularly the nucleus accumbens septi, have recently been proposed (Heimer and
Wilson 1975, Heimer 1978, Nauta ct al 1978, Nauta 1979, Mogenson et al 1980).
Neurochemical data relevant to these hypotheses have, however, been scarce (Wilson
1972, Nauta 1979). Therefore, the major brain regions chosen for study were related
to the 'limbic system’ and/or the basal ganglia, and all had a well-defined dopamincr-
gic innervation. During the study, it also became clear that the neurons containing the
amino acid transmitter candidates y-aminobutyrate (GABA) and glutamate (GLU) in
these regions were largely unidentified. These transmitter systems have therefore re-
ceived particular attention.

Initial work analysed the detailed topographical distribution of the monoamine, ace-
tylcholine {ACh) and GABA ncurons in the regions by means of enzymatic trans-
mitter marker analysis (Fonnum 1975a) on microdissected tissue samples (Papers I,
V1, VIII, XI). The role of the excitatory amino acid GLU was studied by means of
amino acid analysis and high affinity GLU uptake activity measurements. In two such
studies, the GLU input to nucleus accumbens was identified and compared to that of
caudatoputamen (Papers 11, 11I), while two studies analysed allocortical GLU projec-
tions from the hippocampal formation to the septum, basal forebrain and hypothala-
mus (Papers IV, V).

Local transmitter mechanisms were studied by means of ’excitotoxic® amino acid

lesions. The hypothalamic toxicity of systemically administered GLU to newborn
animals was analysed with morphological, histochemical and microchemical methods
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(Paper VI). The toxicity and specificity of local application of the GlL.U-analoguc
kainic acid was studied in the hippocampus, a region with well-defined monoamine,
ACh and GABA fibers (Paper IV). Later work used this compound in studies on
nucleus accumbens, caudatoputamen and septum, where local ncurons werc identified
(Papers II, VII). The cellular and subcellular localization of guanylate cyclase, an
enzyme suggested to be involved in ACh and GLU neurotransmission (Greengard
1978, Biggio et al 1978) and in kainate neurotoxicity (Honegger and Richelson 1977),
was also investigated in the latter nuclei (Paper VII).

Finally, the organization of GABA neurons in the nucleus accumbens was compared
to the caudatoputamen, and the participation of such ncurons in the accumbens
cfferents was investigated. Regions in the basal forebrain and mesencephalon receiving
accumbens fibers were characterized morphologically, histochemically and biochemi-
cally, and compared to regions receiving GABA cfferents from the caudatoputamen
(Papers I, VIII, IX).

The results have been described in ninc separate publications:

l Fonnum F, Walaas I, Iversen E (1977): Localization of GABAergic. choli-
' nergic and aminergic structures in the mesolimbic system. [ Neurochem

29, 221-230.
11 Walaas I, Fonnum F (1979): The effects of surgical and chemical lesions

on neurotransmitter candidates in the nucleus accumbens of the rat. New-
roscience 4, 209—216.

111 Walaas I (1981): Biochemical evidence for overlapping ncocortical and
allocortical glutamate projections to the nucleus accumbens and rostral
caudatoputamen in the rat brain. Neuroscience 6, 399-405.

v Fonnum F, Walaas [ (1978): The cffect of intrahippocampal kainic acid
injections and surgical lesions on neurotransmitters in hippocampus and
septum. J Neurochem 31, 1173-1181.

\Y% Walaas I, Fonnum F (1980): Biochemical cvidence for glutamate as a
transmitter in hippocampal cfferents to the basal forebrain and hypothal-
amus in the rat brain. Neuroscience 5, 1691-1698.

Vi Walaas [, Fonnum F (1978): The effect of parenteral glutamate treatment
on the localization of ncurotransmitters in the mediobasal hypothalamus.
Brain Res 153, 549-562.

VII Walaas 1 (1981): The effects of kainic acid injections on guanylate cvcla-
se activity in the rat caudatoputamen, nucleus accumbens and septum.
J Neurochem 36, 233-241.

VI Walaas I, Fonnum F (1979): The distribution and origin of glutamate
decarboxylase and choline acetyltransferase in ventral pallidum and other
basal forebrain regions. Brain Res 177, 325--336.

IX Walaas I, Fonnum F (1980): Biochemical evidence for 7-aminobutyrate
containing fibers from the nucleus accumbens to the substantia nigra and
ventral tegmental arca in the rat. Neuroscience 5, 63-72.




Abbreviations used

ACh — acetylcholine

AChE — acetylcholinesterase

AAD — aromatic L-amino acid decarboxylase
ASP — L-aspartic acid

ChAT — choline acetyltransferase

GABA ~— y-aminobutyric acid

GAD ~ L-glutamate decarboxylase

GLU — Leglutamic acid
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2 GENERAL SUMMARY

The origin, distribution and density of neurons containing different neurotransmitter
candidates have been analysed in rat brain regions usually considered to belong to
either the ’limbic system’ or to the basal ganglia. Particular emphasis has been placed
on the neurons connected with the nucleus accumbens septi, and comparisons have
been made between the afferent, local and efferent neurons in this region and those
in the septum and caudatoputamen (neostriatum). After surgical interruption of allo-
cortical fibers from the hippocampal formation running in the fimbria/fornix bundles,
specific decreases were seen in both the activity of the high affinity GLU uptake and
in the concentration of endogenous GLU in the lateral septum, the nucleus accum-
bens, the rostral diagonal band nucleus, the bed nucleus of the stria terminalis, the
mediobasal hypothalamus, and the mammillary body. Similar results were also found
in the lateral septum after specific chemical destruction of pyramidal cells in the
hippocampal formation by means of local kainic acid injection. Thus, most of those
allocortical excitatory fibers from the hippocampal formation which run in the fornix
bundle appear to use GLU as neurotransmitter.

The origin and distribution of GLU fibers in different parts of the nucleus accumbens
and the caudatoputamen were further compared. Fibers from the frontal neocortex
were found in all parts of the caudatoputamen and the nucleus accumbens, while
fibers from the caudal neocortex were found in the dorsal caudatoputamen only.
Allocortical fibers disrupted by fornix lesions were seen in the ipsilateral nucleus
accumbens and the ventral caudatoputamen. Thus, the nucleus accumbens and the
ventral caudatoputamen are innervated by both neocortical and allocortical GLU fi-
bers, while the dorsal caudatoputamen is reached by neocortical GLU fibers only.

Monoamine fibers were studied by analysis of aromatic L-amino acid decarboxylase
(AAD) activity. High density of such fibers was seen in the caudatoputamen, nucleus
accumbens and olfactory tubercle, with considerably lower density in the septum. A
decrease in AAD activity in all forebrain regions after brain hemitransections confirm-
ed that these fibers are ascending. High AAD activity was also found in the mesen-
cephalic ventral tegmental area and the substantia nigra, pars compacta, which consti-
tute the origins of the major ascending dopaminergic systems, and in the hypothala-
mic median eminence and arcuate nucleus, regions with a local dopamine ncuronal
system.

Microinjection of kainic acid into the hippocampus or the nucleus accumbens led to
extensive destruction of local neurons without affecting afferent projections. Systemic
administration of GLU to newborn animals induced similar local neuronal necrosis in
the hypothalamic arcuate nucleus. By these techniques, local cholinergic neurons as
measured by choline acetyltransferase (ChAT) activity were found to be highly con-
centrated in the caudatoputamen, nucleus accumbens and probably also in the olfac-
tory tubercle. Lower density of such neurons was found in the septum, and the latter
were insensitive to local kainate injections. In the hypothalamus, ACh neurons, proba-
bly originating in the arcuate nucleus, were concentrated in the median eminence.
Local GABA neurons, analysed by glutamate decarboxylase (GAD) activity measure-
ments, were highly concentrated in the lateral septum, dorsal olfactory tubercle and
nucleus accumbens, with lower density found in the caudatoputamen. The median
eminence contained only few GABA terminals, but some of them appeared to belong
to a local, tubero-infundibular system.

Kainate injections were also used to analyse the cellular localization of guanylate
cyclase, an enzyme suggested to be involved in ACh or GLU transmission. This
enzyme was highly concentrated in local neurons in the nucleus accumbens and
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caudatoputamen, while the intermediate activity in the septum was insensitive to
kainate.

Finally, the descending efferent projections from the nucleus accumbens were analy-
sed. A major GABA projection was found to terminate in the rostral substantia
innominata and, less importantly, in the ventral globus pallidus. The characteristics of
the substantia innominata supported the designation of this region as a ’ventral palli-
dum’. A significant GABA pathway was also found to terminate in the rostromedial
substantia nigra. These projections further support the “striatal” nature of the nucleus
accumbens. In contrast, only a small number of GABA terminals were destroyed in a
restricted part of the ventral tegmental area after accumbens lesions. Thus, no major
"feed-back” GABA pathway was identified in the mesolimbic system.

3 DISCUSSION OF METHODS
3.1 Dissection of samples

The present study has tried to identify neurotransmitter mechanisms by either corre-

lating the distribution of neurochemical markers with the distribution of specific

neuronal populations, or by following the changes in these markers induced by de-

generation of different neurons (Fonnum 1975a, Storm-Mathisen 1977a). In principle,

sufficiently sensitive assay methods should allow neurochemical studies on very small

populations of neurons. Histochemical, particularly immunocytochemical methods are
‘ presently the most sensitive and specific tools for such studies (Hokfelt et al 1980).
1 However, these methods are not generally available for the study of small-molecular
weight compounds, and they also do not give quantitative results. This study has
therefore used chemical analysis of microdissected samples, following anatomical de-
scriptions of the ncuronal populations. In detailed distribution studies of small regi-
ons, microdissection on freeze-dried sections was employed (Lowry 1953). This ap-
proach allows analysis of submicrogram samples (e ¢ Paper IX), but precludes study
of labile activities such as uptake mechanism. However, it allows simultaneous inspec-
tion of the experimental sample and morphological controls in the dissection micro-
scope, and facilitates later dissection of fresh tissue slices or microwave-inactivated
brain tissue. Furthermore, the present work has consistently studied samples with
‘normal’ anatomical outlines, in contrast to the widely used ’punching’ technique
(Palkovits 1973). The advantage of this approach was particularly evident in the
hypothalamus and mesencephalon (Papers I, VII, IX).

3.2 Lesioning techniques

Most nerve fiber projections in the brain terminate in a very precisc and restricted
pattern The small, restricted lesions used by anatomists to induce anterograde de-
generation therefore usually do not lead to measurable chemical changes in the samp-
les analysed by neurochemists, except in certain cases, e g the septohippocampal and
striatonigral projections (Fonnum et al 1974, Lewis et al 1967). Surgical interruption
of projections must therefore include most of the fibers under study (Storm-Mathisen i
1977a), which introduces problems of specificity. These lesions, whether electrolytic
or crude transections, will usually encroach upon other regions, destroy fibers 'en
passage’ and possibly damage the blood supply to different regions. I have approached
these problems both by making crude lesions, ¢ ¢ brain hemitransections, and analys-
ing chemical changes in restricted regions, and by making more restricted lesions and
analysing both the target regions and adjacent nuclei. Most of the conclusions drawn
in this work are based on a combination of thesc approaches. Morphological controls




of the surgical lesions were also carried out, either by staining sections (Paper VIIL
IX), or by inspecting the brains during the sample preparation. Other chemical activi-
tics were also analysed in or near the target areas, to exclude unspecific effects.

Surgical lesions are unable to identify the local neurons present in most brain regions,
even if retrograde changes are sometimes observed (¢ g Quik etal 1979). Specific
neurotoxins have been described for monoamine neurons, e g 6-hydroxydopamine
(Ungerstedt 1971), but other specific toxins have not been described. A major ad-
vance in neurobiology was therefore made when the lesioning properties of certain
acidic amino acids were discovered. Initial observations (Lucas and Newhouse 1957)
demonstrated that GLU when systemically applied to newbom rodents was toxic to
certain neurons in the retina. The GLU effects were further explored in detail by
Olney and coworkers (Olney 1974, 1979), who showed that most or all local neuron.
were destroyed in those regions where GLU penetrated the blood-brain barrier, 7 ¢ the
hypothalamic median eminence and arcuate nucleus. Afferent fibers or glial cells were
not destroved. The poteat GLU-analogue kainie acid (Olney ¢t al 1974) was therefore
tested in the caudatoputamen. and similar results were seen, ¢ ¢ a destruction of local
ncurons, no major cffects on afferent fibers, and a reactive gliosis (Covle and
Schwarcz 1976, McGeer and McGeer 1976, 1978, Schwarcz and Covle 1977). The
mechanism of action of this compound remains undefined (Nadler 1979), the cffect
seems to be linked to intact excitatory inputs (McGeer ctal 1978) which however
may use different transmitters (Nadler 1981). Guanosine 3'.53'-monophosphate (cvclic
GMP) has also been suggested as an intermediary in the effect (Honegger and
Richelson 1977).

We extended the results from caudatoputamen to the hippocampus, chosen because
of its well-defined transmitter chemistry (Storm-Mathisen 1977a) which is very diffe-
rent from that of the basal ganglia regions (Paper IV). After infusion of high doses of
kainate into the hippocampus we observed similar results, ¢ no effect on neuro-
chemical or histochemical markers for afferent fibers, but substantial decreases in
markers for local neurons. Similar results were reported simultancously (Schwarez
et al 1978). Morphological controls indicated little or no dumage to other brain regi-
ons (Paper IV). This was surprising, as later studies have shown that kainate, especial-
ly when injected into the hippocampus, usually induces major necrotic changes in
both adjacent and remote brain regions (Wurthele ¢t al 1978, Zaczek ct al 1980).
Thus, both the subiculum, entorhinal cortex and contralateral hippocampus have been
reported to be affected by this trecatment, in contrast to our results. Similarly, the
piriform cortex is often destroyed by intrastriatal kainate (Zaczck ¢t al 1980). while
my injections of kainate into the nucleus accumbens usually left this cortical region
untouched (Paper 1l). The reasons for these more specific lesions are not clear, but
are probably a result of my use of diazepam in the anesthetic used for lesioning the
animals. Thus, both benzodiazepines and long-acting barbiturates have been reported
to prevent the remote effects of kainate without changing the local toxicity (Zaczeck
ct al 1978, Ben-Ari et al 1979).

In conclusion, the studies of kainate cffects in nucleus accumbens, septum and cauda-
toputamen (Papers 1I, VI) arc probably valid as identifications of local transmitter
mechanisms. However, the effects on very short-uxoned projections (e ¢ from the bed
nucleus of the stria terminalis to the nucleus accumbens (Swanson and Cowan 1979)
cannot be ascertained from these studics.
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3.3 Biochemical methods

The identification of neurotransmitters relies on the fulfilment of the criteria of
presence, release and identity of action (Werman 1966, Storm-Mathisen 1977a). Of
these, the presynaptic criteria (presence, release) are crucial for the biochemical iden-
tification of a transmitter system, while the postsynaptic action is electro-physiologi-
cally defined (Werman 1966). Biochemical studies on receptor-binding or second mes-
senger generation are not conclusive as these activities may be present outside the
relevant synapses (Storm-Mathisen 1977a). The present study has, however, used both
pre- and postsynaptic activities to study the characteristics of the regions. The pre-
synaptic markers include enzyme activities, high affinity uptake systems and analysis
of endogenous amino acids.

3.3.1 Determination of enzyme activities

ChAT is known to be a specific marker for cholinergic neurons, while AChE is not
(Fonnum 1975a). The methods used for these enzymes have been developed in this
laboratory (Fonnum 1969, 1975b), and are known as rapid, simple and extremely
sensitive, suitable for assays of submicrogram samples (Fonnum 1970, Storm-Mathisen
1970). Triton X-100 has always been included in these assays, to release occluded
activity (Fonnum 1966).

GAD is also a specific marker, in this case for GABA neurons, with only very low
activity found outside these neurons (Fonnum and Storm-Mathisen 1978). GAD was
analysed with a CO,-trapping micromethod (Fonnum et al 1970). The possibility of
non-GAD CO; production from GLU was controlled by inclusion of Triton X-100 in
the incubation medium (MacDonnell and Greengard 1975).

AAD is concentrated in both dopamine, noradrenaline and serotonin neurons, but is
also present in non-neuronal structures (Fonnum 1975a, Kellogg etal 1973). It is an
acceptable marker for monoamines in regions with high activity, e g, substantia nigra,
caudatoputamen, while results from regions with low enzyme activity must be evalu-
ated more carefully. The analytical technique used was based on liquid cation ex-
change (Broch and Fonnum 1972), similar to the ChAT method.

Carnitine acetyltransferase is known as a mitochondrial enzyme {(McCaman etal
1966), and was analysed both as a subcellular marker (Paper II) and as a general
tissue marker (Paper VI) with a liquid cation-exchange technique (Sterri and Fonnum
1980). 5'-nucleotidase is known as a membrane marker, possibly concentrated in glial
cells (Kreutzberg et al 1978), and was assayed by a sensitive radioenzymatic method
{Avruch and Wallach 1971).

Guanylate cyclase was analysed by a radioenzymatic method based on that described
by Krishna and Krishnan (1975). Due to the controversy described in Paper VI, this
activity was characterized in more detail by the use of activators and extraction
procedures, and by identification of the product by chromatography and by treat-
ment with phosphodiesterase (Paper VI). Some experiments were also done with
[*H]-GTP as substrate and an alumina-anion exchange purification technique (Mao
and Guidotti 1974). This method was less sensitive, but gave the same subcellular and
topographical distribution as that found with the method based on [a-®2P] GTP (un-
published). The specific activities found in the soluble fractions were higher than
those reported by other workers {Hofmann et al 1977). The reason for this is un-
known, but large variations in brain guanylate cyclase activity have previously been
presented in separate publications by the same investigator (Bartfai etal 1978,
Tjornhammar et al 1979). The enzyme is thercfore probably sensitive to a number of
unidentified factors.
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3.3.2 Acidic amino acids

The lack of specific, sensitive markers for the excitatory amino acid transmitter
candidates was a major obstacle in the investigation of the role these compounds
played in the brain (review, Davidson 1976). The demonstration of a sodium-depend-
ent, high affinity uptake of GLU and aspartate (ASP) into nerve terminals (Logan and
Snyder 1971) was a major step forward. However, the lack of discrimination be-
tween GLU and ASP, and between other similar compunds (Balcar and Johnston
1972), made it clear that additional parameters would have to be studied. A seminal
paper from Snyder and coworkers (Young et al 1974) indicated that analysis of free
amino acids might be combined with uptake analysis in studies on putative GLU or
ASP fibers. Later studies supported this strongly (Divac etal 1977, McGeer ¢t al
1977a, Kim et al 1977, Storm-Mathisen 1977b). This approach was therefore adopted
(review, Fonnum et al, 1979, see, however Cotman et al 1981).

Amino acid analysis was initially done (Papers 11, 1V, VII} with a double isotope
dansyl-chloride technique (Karlsen and Fonnum 1976). The samples were dissccted
from animals killed by focussed microwave irradiation of the brain, a technique
developed to minimize post-mortem changes in labile compunds (Guidotti ¢t al 1974).
Such changes are known to afflict GABA (Alderman and Shellenberger 1974, Balcom
et al 1975), but not GLU (Balcom ¢t al 1976). However, the mediobasal hypothala-
mus and basal forebrain were difficult to dissect after this procedure, and rapid
cooling and freezedrying of the samples were adopted for a later study (Paper V), in
which an automic amino acid analyser was used for quantitation. Results from nu-
cleus accumbens and septum were comparable when analysed with either of the two

methods (Papers II, IV, V).

High affinity uptake mechanisms were studied in sucrosc homogenates containing
nerve terminals (Fonnum ¢t al 1979). Experiments showed that the accumulation of
[P*H] L-GLU in this preparation occured into synaptosomes, and was linear with
amount of tissue (Paper II). Thus, further purification of the nerve terminals (e g
McGeer et al, 1977a, Zaczek el al, 1979) was deemed unnecessary. Lesion-induced
changes in this uptake have been shown to represent chianges i the number of uptake
sites and not in the affinity for the substrate, in a number of systems (Young ¢t al
1974, Storm-Mathisen 1978, Zaczek et al 1979). The question of homo-exchange of
labelled GLU with the intracellular GLU (Levi and Raiteri 1974) is not important in
this context, as my studies were aimed only at studying the number of uptake sites
present. However, the possibility of different putative GLU nerve terminals having
different affinity of GLU, as has been found for GABA (Storm-Mathisen 1975) and
suggested for GLU in hippocampus (Storm-Mathisen 1978), is important. Thus, the
regional distribution of the uptake may not necessarily indicate the true density of
GLU or ASP terminals (scc, ¢ g PaperIlI). Also, the GLU uptake into glial cells
(Henn et al 1974) may have a regional variation (Schousboe and Divac 1979). How-
ever, this glial uptake does not appear to interfere significantly in my uptake condi-
tions (Fonnum et al 1979).

4 GENERAL DISCUSSION
4.1 Characteristics of the nucleus accumbens

Most carly workers related the nucleus accumbens to the basal ganglia (Ariens
Kappers and Theunissen 1907). particularly as a part of the "olfactostriatum™
(Herrick 1926). The exact relationships of the region remained unknown, however,
until inputs from the hippocampal formation and stria terminalis were demonstrated
(Fox 1943, Raisman ¢t al 1966, de Olmos and Ingram 1972). These results linked the
nucleus closely with the "limbic system™. The cytoarchitectonics of the nucleus were




described in different species (e g from mouse to elephant) (Koikegami et al 1967),

and reported to be similar to those of the caudatoputamen (Wilson 1972). The

nucleus began to attract major interest, however, only after the dense dopaminergic
innervation of the nucleus, originating in the socalled A10 cells in the mesencephalic

ventral tegmental area was reported (Andeh et al 1966, Ungerstedt 1971). The simul-
tancously developed “dopamine theory of schizophrenia”, i e that psychotic symp-

toms in amphetamine-induced psychosis and possibly in schizophrenia occured toget-

her with hyperactivity in dopaminergic neurotransmission {Snyder 1973, Hokfelt et al

1974), led to a great interest in the so-called mesolimbic dopamine systems, particu-

larly that of the AlOmucleus accumbens fibers (reviews, Costa and Gessa 1977). |
Other anatomical characteristics were soon described, particularly the efferent projec- 4
tions to the substantia innominata (Wilson 1972, Williams et al 1977, Nauta et al

1978), and to the globus pallidus, the ventral tegmental area and the substantia nigra .
(Swanson and Cowan 1975, Conrad and Pfaff 1976, Nauta etal 1978). The nucleus i
was therefore reclassified (Heimer and Wilson 1975) as being a part of the “'ventral !
striatum”, innervated by the limbic cortex but projecting most densely to basal
ganglia-related regions (Heimer 1978).

4.2 Neurochemical characteristics

4.2.1 Introduction

When this study was initiated, several neuronal links had been chemically defined in
the basal ganglia (reviews, Brownstein 1979, Fonnum and Walaas 1979). Initial work
was therefore aimed at a comparison between the nucleus accumbens, the olfactory
tubercle, the septum and the caudatoputamen. Striking similarities were seen in the
densitics of the monoamine, ACh and GABA systems in the nucleus accumbens and
olfactory tubercic when compared with the caudatoputamen. No evidence for a de-
scending GABA projection from these regions to the A10-cells was found, however, in
contrast to the major striatonigral GABA tract (Paper I). Thus, biochemical differen-
l ces appeared to exist between the region.

4.2.2 Cortical fibers

Preliminary reports indicating that GLU could be transmitter of the excitatory corti-
costriatal (Divac et al 1977, McGeer et al 1977a, Kim et al 1977) and hippocamposep-
tal fibers (Storm-Mathisen and Opsahl 1978) led to further studies on nucleus accum-
bens and septum. Active high affinity GLU uptake was found in both regions, and a
detailed study in nucleus accumbens showed that this activity appeared to be locali-
zed in certain nerve terminals (Paper II). Further, lesions which involved the fornix
were able to decrease the activity in the ipsilateral nucleus accumbens. Similarly,
fornix transections and destructions of hippocampal neurons with kainic acid decreas-
cd the GLU uptake in the lateral septum, while the medial septum was unaffected
{Paper IV). Amino acid analysis after these lesions showed that GLU was the only
frce amino acid which decreased in concentration after the lesion (Papers I, IV, V).
Thus, the reductions in GLU uptake were apparently a result of degeneration of
[ GLU, as opposed to ASP terminals (Fonnum et a/ 1979).

These results all conformed to the anatomical studies which were published while this
work was in progress (Swanson and Cowan 1977, Meibach and Siegel 1977). Thus,
the fibers to nucleus accumbens were shown to arise in the subicular part of the
hippocampal formation and to travel through the fimbria to the ipsilateral nucleus
accumbens, while most of the fibers to the lateral septum arose in the hippocampus
proper and terminated on both sides of the lateral, but not the medial septum.
Further, all these fibers were reported to be excitatory (McLennan and Miller 1974,
DeFrance and Yoshihara 1975).
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The suggestion that GLU might be the major transmitter in the allocortical fibers to
the nucleus accumbens and septum has later been supported by other workers which
have employed both similar surgical/chemical lesions (Zaczek et al 1979, Wood ¢t al
1979) and total hippocampal extirpations (Nitsch et al 1979). Therefore, the high
affinity GLU uptake was used in a study of the distribution of different corticofugal
fibers in the rostral caudatoputamen and nucleus accumbens (Paper III). Surprisingly,
also the ventral caudatoputamen had some GL.U-accumulating terminals destroyed by
a fornixlesion, and only the dorsal caudatoputamen appeared to be connected only
with the neocortex. Similarly, the nucleus accumbens was found to be innervated
from the ipsilateral frontal cortex. Anatomical studies support the latter findings
{Beckstead 1979), while the proposed fornix fibers to the ventral caudatoputamen are
unconfirmed (Swanson and Cowan 1977).

The combined amino acid and GLU uptake analysis was also used in a study on other
fibers in the fornix bundle to the basal forebrain and hypothalamus (Paper V). The
previously suggested GLU fibers to the mammillary body (Storm-Mathisen and Opsahl
1978, Nitsch et al 1979) were confirmed. In addition, inputs to the anterior diagonal
band nucleus. the bed nucleus of the stria terminalis and the mediobasal hypothala-
mus, all probably arising in the subiculum (Chronister et al 1976, Swanson and
Cowan 1977) were identified as possible GLU projections (Paper V). However. the
lesions also encroached upon the stria terminalis, and the possible contribution of this
fiber bundle to the observed decrease in GLU uptake and concentration in the stria
terminalis nucleus and mediobasal hypothalamus (de Olmos and Ingram 1972) re-
mains to be defined. It is, however, clear that the GLU system in the hypothalamus is
extrinsic, as a hypothalamic deafferentation has been reported to decrcase the GLU
concentration in hypothalamus considerably (Racagni et al 1981).

4.2.3 Local neurons in GLU-innervated regions

The demonstration of a specific neurotoxic action of kainic and glutamic acid. which
were suggested to destroy only neurons intrinsic to the regions trecated with the
neurotoxins (Coyle and Schwarcz 1976, McGeer and McGeer 1976), led to a study of
the effects of kainic acid in the hippocampus (Paper IV). The results supported the
claims for specificity and toxicity of kainate actions. This neurotoxin was therefore
used in the nucleus accumbens, septum and caudatoputamen (Paper I, VI) and the
results compared to previous reports from the caudatoputamen (Schwarcz and Covle
1977, McGeer and McGeer 1978). Most. and probably all cholinergic terminals in the
nucleus accumbens and caudatoputamen were found to belong to local, kainate-
sensitive neurons, while the moderate amount of such fibers in the septum probably
arrives partly from the diagonal band (Emson 1978) and partly belong to local,
Kainate-insensitive cells in the medial septum (Malthe-Sorenssen et al 1980). Thus, the
cholinergic system in nucleus accumbens and caudatoputamen was clearly different
from that in the septum.

In contrast, all regions had apparently only local GABA cells. These were most
concentrated in the lateral septum, dorsal olfactory tubercle and nucleus accumbens
(Papers I, 1V), and most of them disapperared in all regions after local kainate injec-
tions (Papers I, VI). Thus, intrinsic GABA neurons are present in both the nucleus
accumbens, septum and caudatoputamen.

A decrease in the GLU uptake in nucleus accumbens was also observed after local
kainate injection (Paper I1). Thus, some intrinsic GLU-cells may exist in this region.
However, it appears more likely that the kainate-sensitive GLU fibers in the nucleus

are derived from neighbouring cortical regions destroyed by kainate (Wurthele ¢t al
1978, Zaczck et al 1980).
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A functional link between cholinergic or GLU neurotransmission and cyclic GMP
synthesis has been proposed from studies in both the peripheral and central nervous
systems (review, Greengard 1978, Ferrendelli 1978). The distribution of guanviate
cyclase was therefore also analysed (Paper VI). The enzyme was found in both parti-
culate and soluble fractions in both the nucleus accumbens, caudatoputamen and
septum, with particularly intense soluble activity in the nucleus accumbens and cauda-
toputamen. The particulate enzyme was evenly distributed in all regions. Contrary to
the results of other workers (Tjornhammar et al, 1979) both enzyme forms were
kainate-sensitive in the caudatoputamen and nucleus accumbens, but not in the sep-
tum. Thus, this ”second messenger” system also emphasizes the similarities between
the nucleus accumbens and the caudatoputamen.

The mediobasal hypothalamus has also a well-defined dopamine system, with cell
bodies located in the arcuate nucleus and terminals in the median eminence and
pituitary (Lindvall and Bjérklund 1978). The organization of ACh and GABA neurons
is less well known, however (Brownstein et al 1976). As nucleus arcuatus and its
fibers to the median eminence are the major targets of systemically administered GL.U
(Olney 1979}, the neurochemical results of this lesions were analysed (Paper VII).
Initial studies identified a cholinergic system, probably originating in the arcuate
nucleus and terminating in the median eminence (Karlsen et al 1977) similarly to the
results of Carson et al (1977). AChE-staining was also seen on arcuate neurons and in
the median eminence, findings which also were confirmed by Carson et al (1978). In
our material, the stain disappeared in the GLU-lesioned animals. This was also observ-
ed by others in the arcuate nucleus, but apparently not in the median eminence
(Carson et al, 1978).

Similarly, a decrease in GAD was seen in the median eminence after GLU-treatment,
indicating either a small tuberoinfundibular GABA system from the arcuate nucleus,
or some intrinsic GABA cells in the median eminence. GABA terminals have later
been demonstrated in the median eminence by autoradiography (Tappaz et als, 1980),
and the decrease in GAD following GLU treatment has been confirmed by some
(Tappaz ¢t al, 1981) but not by other workers (Nemeroff et a/ 1977). The dissection
procedure seems crucial in this respect (Paper VII). In conclusion, GABA terminals
are probably present in the hypothalamic-pituitary interface, where they may play
important functional roles (Racagni et al, 1981, Olney and Price 1981).

In contrast to the ACh and GABA markers, no effects were seen in the marKers used
for the local dopamine cells, i ¢ AAD activity and high affinity uptake of dopamine.
These results are not conclusive, however, as AAD is an unspecific marker (section
3.3.1), and the uptake studies were done on more crudely dissected samples. Also, a
recent study has questioned the very existence of high affinity dopamine uptake in
the median eminence (Demarest and Moore 1979), even if this activity had been used
with apparent success as a marker by others in this region (Cuello et al 1973). Thus,
the question of dopamine neurons and GLU toxicity in the arcuate nucleus should be
reinvestigated with more specific methods. Indeed, other workers have reported a
decrease in tyrosine hydroxylase in the arcuate nucleus and median eminence after
administration of very high GLU doses (Nemeroff et al 1977).

4.3 Nucleus accumbens efferents
4.3.1 Projections to the basal forebrain
The major efferent projection of the nucleus accumbens was first identified by Wilson

(1972) to terminate in the rostral substantia innominate. The characteristics and even
the outline of this region were until then largely unknown, but it was soon character-
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ized as a 'ventral pallidum’ (Heimer and Wilson 1975, Heimer 1978). Simultaneous
studies by us (PaperI) showed that this region had the highest density of GABA
terminals in the rat brain. In a more detailed study (Paper VIII), more than 50% of
these GABA fibers were found to be destroyed after accumbens destructions. A less
impressive GABA projection was also found to terminate in the anteroventral globus
pallidus. Our results thus confirmed the detailed anatomical mapping of the accum-
bens efferents published by Nauta et al (1978), and the physiological studies of Dray
and Oakley (1978) and Jones and Mogenson (1980a).The importance of these GABA
projections has not been defined, but they appear to be involved in locomotion
(Pycock and Horton 1976, Jones and Mogenson 1980b, Mogenson et al 1980).

Our results thus supported the concept of a ’ventral pallidum’ represented by the
rostral part of the substantia innominata in the rat brain (Swanson 1976). This region
can apparently be histochemically defined by iron staining with Perl’s method (Hill
and Switzer 1979). By this method, the region is seen to extend rostrally as fingerlike
extensions, each of which is 'capped’ by one of the insulae Callejae (Hill and Switzer
1979). Our results appear to support this, as we also found high GAD activity and
low AChE staining in the region rostral to the commissura anterior and situated
between the nucleus accumbens and the olfactory tubercle (Papers I, VIII). These
results on GAD were also confirmed and extended by Okada et al (1977).

4.3.2 Projections to the mesencephalon

The caudatoputamen is known to send a major projection to the substantia nigra
(Grofova' and Rinvik 1970). These fibers were carly demonstrated to be inhibitory
(Yoshida and Precht 1971, Precht and Yoshida 1971), probably GABAergic (Kim
et al 1971, Fonnum et al 1974), and surmised to represent fced-back fibers respon-
sible for regulating the activity of the nigrostriatal dopamine neurons (Andeh ¢t al
1964, Anden and Stock 1973, Cattabeni efal/ 1979, Bunney and Aghajanian 1978).
The possibility of a similar 'mesolimbic’ feed-back system therefore attracted great
interest as a possible link in the neuronal system which was believed to be involved in
psychotic phenomena (Stevens 1979). We therefore compared the A10 region with
the substantia nigra, and found that the major difference consisted of a low density
of GABA terminals in the AlO region, while the substantia nigra, pars reticulata
displayed a very dense population of such fibers (Paper I). Furthermore, no evidence
for a GABA projection from the forebrain to the A10 rcgion could be found after
lestons which both transected the striatonigral GABA fibers in the capsula interna and
the ascending monoamine fibers in the medial forebrain bundle. Similar results were
reported by McGeer etal (1977b). Thus, the transmitter of the accumbens-
mesencephalic projection (Swanson and Cowan 1975, Conrad and Pfaff 1976) remain-
ed unknown.

However, later reports stated that most of the striatonigral GABA fibers probably did
not represent feed-back fibers, and that they rather might constitute an output sys-
tem (Arbuthnott 1978, Scheel-Kriiger et a/ 1977, Di Chiara et al 1979) which probab-
ly terminated in the pars reticulata on interneurons and output neurons projecting to
the tectum, thalamus or reticular substance (Domesick 1977. Nauta and Domesick
1979, Grace and Bunney 1979, Waszczak et ¢/, 1980). Nauta and coworkers (Nauta
etal 1978) demonstrated that this aiso might be the case for the accumbens projec-
tion, which terminated most densely in the substantia nigra, not in the A10 region.
Usunoff etal (1979) confirmed this at the electron microscopic level. We therefore
reinvestigated the distribution of GAD in the mesencephalon after clectrolytic des-
tructions of the nucleus accumbens (Paper 1X), and found that a considerable number
of GABA terminals had disappeared in the rostromedial substantia nigra after this
lesion. About half of the nigral GABA terminals in this restricted region appeared to
originate in the nuclcus accumbens. However, the GABA fibers in the rest of the
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substantia nigra were unaffected, which explains the previously negative findings of
Dray and Oakley (1978).

Thus, a descending accumbens GABA projection terminates in a nigral region with
few or no dopamine cells projecting back to the nucleus accumbens (Nauta et al
1978). This GABA projection might therefore be a part of the striatonigral GABA
output pathway (Paper IX). The question of a feed-back projection to the dopamine
neurons was still unsolved, however, as both physiological and neurochemical studies
had presented evidence for such a pathway to the Al0-cells (Wolf et al 1978, Wad-
dington and Cross 1978). Our new results again demonstrated much lower density of
GABA terminals in the Al0 region than in the substantia nigra. Furthermore, no
change was seen in GAD in the caudal A10 after accumbens lesions (Paper IX), and
only a small decrease in GAD was seen in the rostral A10. The demonstration of a
GABA-mediated inhibition from nucleus accumbens to some A10 dopamine cells
which projected back to nucleus accumbens was therefore surprising (Yim and Mogen-
son 1980). The Al0 region has recently been shown to be more complex than
originally believed, with a multitude of different inputs converging on the local cells
(Phillipson 1979). My studies of the region, performed with precise microdissection
and extensive morphological controls (Papers I, IX), do not exclude that some of
these inputs could be GABAergic, but indicate that such projections must be quanti-
tatively very small compared to the striatonigral and accumbens nigral “output” h
GABA pathways.

Other neuronal systems not analysed in the present study are also present in the basal
ganglia-mesencephalic circuits, and some will be briefly mentioned. Substance P-fibers
are present in the striatonigral projection (Brownstein et al 1977, Jessell et al 1978),
and thesc fibers do apparently terminate on both dopamine and non-dopamine cells
(Michelot et al 1979). No such fibers have been seen in the accumbens efferents
(Kanazawa ¢t al 1980). Substance P in the A10 region is derived from the habenula,
not from the basal ganglia (Cuello et al 1978). The distribution of the cholinergic
system (Paper) is in general agreement with other workers, i ¢ extremely dense in
the interpeduncular nucleus, and very sparse in the substantia nigra (Kataoka et al
1973, Fonnum et al 1974). No change was observed in this transmitter after rostral
hemitransections, in contrast to a recent study which suggested that part of ChAT in
the interpeduncular nucleus derives from the diagonal band region (Gottesfeld and
Jacobowitz 1978). However, the bilateral termination of the fasciculus retroflexus in
the interpeduncular nucleus (Herkenham and Nauta 1979) may have obscured small
changes. Also, some of our lesions may have spared the initial, ventral part of the
stria medullaris which convey the fibers from the diagonal band (Swanson and Cowan
1979). However, the results in Paper I still indicate that most of the ACh fibers in the
interpeduncular nucleus originate in regions caudal to the globus pallidus, e g, in the
habenula {(Kataoka et al 1973, Cuello et al 1978).

In conclusion, the present study has demonstrated that the major cortical input to
the limbic forebrain nuclei, among them the nucleus accumbens, appears to be GLU
fibers coming through the fornix similar to the innervation of other limbic and
hypothalamic nuclei. However. the nucleus accumbens also shares a neocortical GLU
projection with the caudatoputamen. The local transmitter systems and neurochemical
characteristics of nucleus accumbens are strikingly similar to those in the caudato-
putamen, and the major GABA efferent are also organized similar to, but not identi-
cal with, the output from the caudatoputamen. Thus, this study supports the sugges-
ted dual limbic-basal ganglia role of the nucleus accumbens.
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Abstract—The localization of cholinergic. GABAergic and aminergic structures in the ‘mesolimbic’
system has been discussed from studies on the topographical distribution of choline acetyltransferase,
glutamate decarboxylase and aromatic amino acid decarboxylase in normal rat brain and in brans
hemitransected at the level of globus pallidus. The structures analysed included nucleus accumbens.
olfactory tubercle, septum, medial forebrain bundle, striatum. substantia nigra, ventral tegmental area
and nucleus interpeduncularis.

Choline acetyltranferase was highly concentrated in the nucleus interpeduncularis, but it did also
exhibit considerable activity in the nucleus accumbens, the olfactory tubercle and the striatum. The
activities did not change after hemitransection. Aromatic amino acid decarboxylase was highly concen-
trated in the ventral tegmental area, but high activities were also found in the striatum. the nucleus
accumbens, the olfactory tubercle and the pars compacta of the substantia nigra. The activity decreased
in all areas rostral to the hemitransection. Glutamate decarboxylase was highly concentrated in the
dopamine innervated regions, moreso in the limbic structures than in the striatum. Much higher activity
was found in the substantia nigra than in the ventral tegmental area. After hemitransection the activity
in the substantia nigra was decreased whereas in the ventral tegmental area it was unchanged. Our
results thus suggest that dopaminergic cells in the ventral tegmental area do not receive GABAergic
fibres from the terminal regions of the ascending dopaminergic fibres. In addition, we found a very
high concentration of glutamate decarboxylase in a region traversed by the rostral medial forebrain
bundle. Here the activity was mainly confined to the particulate fraction, probably the synaptosomes.
This fraction also displayed a very active high affinity uptake of y-aminobutyric acid.

IT HAS been shown that two of the major dopaminer-
gic fibre systems in mammalian brain, the nigrostria-
tal and the ‘mesolimbic’, display several strikingly
similar features. They both originate in the mesence-
phalon, where the fibres to striatum arise from the
pars compacta of the substantia nigra (the socalled
A9 cell group), and the fibres to the nucleus
accumbens, the olfactory tubercle and the septum
arise from the ventral tegmental area of Tsai, which
corresponds to the A10 cell group (ANDEN et al., 1964;
DAHLSTROM & FUXE, 1964; UNGERSTEDT, 1971; LIND-
VALL & BIJORKLUND, 1974; SIMON et al., 1976). The
neostriatum and the above mentioned limbic regions
have similar composition of transmitter candidates.
They contain a high level of acetyicholinesterase
(AChE, EC 3.1.1.7) (JacopowiTz & PaLKOVITS, 1974),
choline acetyltransferase (ChAT, EC 2.3.1.6) (PALKO-
vits et al., 1974, KATAOKA et al., 1975), and further-
more the dopamine receptors in striatum and nucleus
accumbens behave similarly with respect to synthesis
of cyclic AMP (CLEMENT-CORMIER et al.. 1974). Neur-
whysiological studies indicate that both dopamine
i | -aminobutyric acid (GABA) are inhibitory trans-
roters in these regions (WOODRUFF et al., 1976).

a1lly, also the efferent connections of the above-
«. :ntioned regions show some similarities. Thus the
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inhibitory GABAergic fibres which terminate in the
substantia nigra arise in the nucleus caudatus
putamen and/or globus pallidus (FONNUM et al., 1974
HATTORI et al., 1973; KM et al., 1971; PrecHT &
YOSHIDA, 1971), while the nucleus accumbens projects
to the ventral tegmental area and the substantia nigra
(CONRAD & PFAFF, 1976; SwansoN & Cowan, 1975).
The transmitter in this pathway, however, remains
unknown.

The aim of the present investigation was to com-
pare the localization of neurotransmitters in the sub-
stantia nigra, in the neostriatum and in some ‘meso-
limbic' structures, e.g. the nucleus accumbens. the
olfactory tubercle, the septum, the nucleus interpe-
duncularis, and the ventral tegmental area. The topo-
graphical distribution of glutamate decarboxylase
(GAD, EC4.1.1.15) and ChAT in these regions was
therefore studied in microdissected freeze-dried
samples from normal brains, and from unoperated
and operated sides of rat brains which had been hemi-
transected at the level of the globus pallidus. As the
distribution of the ascending aminergic fibres are
strictly ipsilatera) (LINDVALL & BJORKLUND, 1974;
UNGERSTEDT, 1971), aromatic amino acid decarboxy-
lase (AAD, EC4.1.1.26) was studied in operated
brains using the unoperated side as control. These

.
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studies allowed a more detailed mapping of the distri-
bution than those reported by other workers
(KATAOKA et al., 1975; PaLkovrTs et al., 1974, TAPPAZ
et al., 1976). In the operated brains, a decrease in
enzyme activities was taken as evidence of degener-
ation of ascending or descending fibres containing the
respective transmitters. During this study, we made
the interesting observation that parts of the region
traversed by the rostral medial forebrain bundle
(MFB) contained a very high level of GAD which
merited further investigation. Part of this work has
been presented in a preliminary form (FONNUM et al.,
in press (a)).

MATERIALS AND METHODS

Surgical operation. Albino rats of both sexes weighing
150-250 g were anaesthetised by administration i.p. with
Nembutal Vet (Abbott) or Hypnorm Vet (Janssen Pharm.
Comp.). A transverse cut was made in the left part of the
skull 0.5-1 mm in front of the bregma, the dura mater was
split with a scalpel and a hemitransection of the brain
was performed with a blunt spatula placed at 90° to the
skull surface. The transection went from the midline and
4-5mm laterally, and in most cases passed through the
brain at the level of the rostral part of the globus pailidus,
thus interrupting all ascending and descending fibres at
this level (UNGERSTEDT, 1971, CoNraD & PFAFF, 1976,
FONNUM et al., 1974; LiNDvALL & BIORKLUND, 1974).

Tissue preparation. Normal and operated animals were
killed by decapitation, the lesioned animals 6-14 days after
operation. The brain was rapidly removed and frozen on
a microtome chuck with a CO, jet, and 40 um serial sec-
tions from the telencephalic and mesencephalic regions
under study were cut in a cryostate at about —16°C. The
sections were freeze-dried and collected as previously de-
scribed (FONNUM et al., 1970). At regular intervals sections
were collected on microscopic slides, allowed to dry and
stained with methylene blue or for AChE as described by
STORM-MATHISEN (1970). During the preparation of the
sections, the hemitransection was examined under the
microscope.

Dissection. Corresponding freeze-dried and stained sec-
tions were compared simultaneously under a stereo micro-
scope. The different regions were identified from the atlas
of KOG & KLipPeL (1963) and the parts to be analysed
were dissected by the use of razor blade splints and
weighed on 2 fish-pole quartz fibre balance (FONNUM et
al., 1970). In the telencephalon, we used sections from the
level A 9400-A 8400 (KONIG & KLiPPEL, 1963) to dissect
the olfactory tubercle. the nucleus accumbens, the septum
and the striatum (Fig. 1). The olfactory tubercle was
divided in two parts; a ventral part containing the olfac-
tory tubercle proper and a dorsal part being contaminated
by the islands of Calleja and perhaps by some fibres from
the MFB.

The nucleus accumbens was divided into a medial and
a lateral part by placing a vertical cut at the ventral tip
of the lateral ventricle. The sample from septum was taken
from the area adjacent to the medial boundary of the nu-
cleus accumbens. Samples from striatum were taken out
as indicated in Fig. 1.

Samples from the region traversed by MFB were in-
itially dissected from sections between A 8400 and A 7900.
Later this region was studied in sections from unoperated

brains running from A 9500 to A 5900 (Fig. 2), and particu-
lar emphasis was placed on the sections at A 7200, where
samples from lateral and medial preoptic area, nucleus
tractus diagonalis and MFB could be distinguished (Fig.
3).

For subcellular fractionation and uptake studies samples
from normal brains were used. Striatum, globus pallidus
and MFB were dissected out from 300 um sections pre-
pared by a Sorvall tissue chopper at levels between A 7600
and A 6700. For MFB a sample corresponding to samples
3 and 4 in Fig. 3 was dissected.

In mesencephalon structures were dissected at level
A 2000-A 1500 as indicated in Fig. 4. The ventral tegmen-
tal area was divided in three parts, the ventral, middle
and dorsal. Substantia nigra was divided into pars com-
pacta and pars reticulata.

Biochemical methods. pL-3,4-Dihydroxy[2-'*C]phenyla-
lanine, L-[1-'4C]glutamic acid and [1-'4CJacetyl-CoA
were obtained from the Radiochemical Centre, Amersham;
[2.3-*H(N)]y-amino-butyric acid was from New England
Nuclear, Boston.

ChAT was assayed according to FONNUM (1975). GAD
was determined by the method of ALBERS & BraDY (1959)

Fi0. 2. Localization of samples taken out for analysis of
medial forebrain bundle (MFB) in rostrocaudal direction.
Drawings modified after Kbnig & KLIPPEL (1963). Abbre-
viations: CC = corpus callosum; vl = lateral ventricle;
cp = nucleus caudatus; a = nucleus accumbens; tu =
tuberculum  olfactorium;  pi = cortex  piriformis;
TOL = tractus  olfactorius  lateralis; se = septum;
CA = commissura anterior; st = nucleus interstitialis
striae terminalis; pom = medial preoptic area; pol = la-
teral preoptic area; td = nucleus tractus diagonalis;
F = fornix; CO = chiasma opticum; ha = nucleus anter-
ior hypothalami; vIIl = third ventricle.




Fig. 1. Right side: Section from A 8620 (KONIiG & KLIPPEL. 1963} stained for AChE. Left side: Localiza-

tion of dissected samples. Abbreviations: cp = nucleus caudatus putamen: am = nucleus accumbens,

medial part; al = nucleus accumbens, lateral part; se = septal sample. tuv = tuberculum olfactorium,

ventral part: tud = tuberculum olfactorium. dorsal part; CA = commissura anterior; CC = corpus cal-
losum; TOL = tractus olfactorius lateralis.
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F1G. 4. Left side: Section from A 1800 (KoNiG & KLIPPEL, 1963) stained for AChE. Right side: Localiza-
tion of dissected samples. Abbreviations: CS = colliculus superior; cgm = corpus geniculatum mediale;
sgc = substantia grisca centralis; r = nucleus ruber; LM = lemniscus medialis; hi = hippocampus;
ip = nucleus interpeduncularis; vta = ventral tegmental area; snc = substantia nigra, pars compacta;
snr = substantia nigra, pars reticulata; CC = crus cerebri.




Neurotransmitters in mesolimbic system

Fi6. ¥ Localvation of samples dissected for study of

mediat forebrain bundle (MFB) in the frontal plane. Draw-

ing modified after Konig & KLIppeL (1963). 1-6: Samples

dissected. Abbreviations: CAl = capsula interna; else as
in Fig. 2.

as described by HENKE & FONNUM (1976), except that the
incubation temperature was 37 C. In samples dissected
from fresh tissue (Table 5). the final glutamate concen-
tration was reduced to 10mM and the absolute activity
found cannot be compared directly with those in Tables
Jand 4. AAD was assayed as described by BrocH & Fon-
~Num (1972) using Kalignost extraction (FONNUM, 1969).
The final concentration of L-DOPA was 0.3 mm. Protein
was determined as described by Lowry et al. (1951).

High affinity uptake was studied in normal brain.
Samples were dissected from wet tissue and homogenized
at 800rev. min in a glass Teflon homogenizer in 100 ul
0.32 Mm-sucrose (FONNUM et al., 1970). 10 ul of the homo-
genate (5-30 ug protein) were added’directly to 0.5 ml oxy-
genated  incubation medium. which consisted of
15 mm-Tris- HC1 buffer, pH 7.4, 140 mM-NaCl, 5 mM-KCl,
1.2mm-CaCl,, 1.2mm-MgSO,. 1.2mM-Na,-HPO,,
pH 7.4, and 10 mM-D-glucose. The tissue was preincubated
for 3min in a shaking incubator at 25°C, and the uptake
started by addition of radioactive GABA (final concen-
tration 1 x 10" m) The incubation was stopped after
three minutes by ramd filtration through Millipore filters
(0.45 um pore size), followed by washing with 0.9°, NaCl
The radioactivity was extracted in 10, Triton X-100 and
after addition of scintillant. counted in a scintillation
counter. Blanks were run similarly but using a sodium free
incubation medium. where 280 mm-sucrose and !.2 mm-
Tris phosphate buffer had replaced the sodium chloride
and sodium phosphate.

The proportion of particulate GAD in normal brain was
determined on samples dissected and homogenized as for
‘high affinity uptake’. The homogenate was centrifuged at
17000 g for 1 h. GAD and protein was compared in super-
natant and pellet.

RESULTS

Telencephalon

The AAD activity (Table 1) was highly concen-
trated in the stniatum, the nucleus accumbens and
the ventral part of the olfactory tubercle. In the
medial part of nucleus accumbens, reported to con-
tain more cells (Powerl & Leman, 1976) and staining
more intensely for AChE (Fig. 1), we found a signifi-
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cantly higher level of activity than in the lateral part
(P < 0.00i). A high level of activity was also found
in the region of the rostral MFB. After hemisection,
the enzyme activity on the lesioned side decreased
in all regions studied (Table 1), due to the degener-
ation of the rostral parts of the ascending aminergic
fibres. In striatum, nucleus accumbens and olfactory
tubercle. the AAD-activity of the lesion side was
reduced more than 50°,.

The ChAT activity (Table 2) was found to be very
high in all regions examined, particularly in structures
known to contain a high level of dopamine (striatum,
nucleus accumbens and olfactory tubercle). The
medial part of nucleus accumbens again contained
a higher activity than the lateral part. Hemisection
of the brain did not significantly reduce the activity
in any of the structures studied (Table 2).

AChE-staining of the telencephalon (Fig. 1) resulted
in a picture comparable to that described by Jaco-
BOWITZ & PALKOvVITS (1974). The highest AChE ac-
tivity was located in the medial nucleus accumbens
and the ventral olfactory tubercle, in good agreement
with the high ChAT activity found in these structures.
AChE-staining did not change after hemitransection.

The GAD activity (Table 3) was high in all limbic
structures, particularly the medial part of nucleus
accumbens, olfactory tubercle and septum. There was
no loss of activity after hemitransection. The activity
in the region of the rostral MFB, however, was very
impressive, being comparable to the activity of the
pars reticulata of the substantia nigra, which hitherto
has been acknowledged to be the region with the
highest GAD activity in mammalian brain (ALBERS
& BRADY, 1959; FONNUM et al.. 1974; TaPPAZ et al.,
1976). A rostrocaudal survey of GAD in the MFB-
region (Fig. 2} disclosed that this activity peaked in
the sections between A 7900 and A 7000 (Fig. 5). Here
the MF'B emerging from the lateral hypothalamus,
traverses the lateral preoptic area, and. passing the
commissura anterior, enters the socalled substantia
innominata. In the middle of this region, the GAD
distribution tn the frontal plane was further analysed
(Fig. 3). The activity was found to be concentrated
in a region immediately ventral to the commissura
anterior, and to be clearly separated from the nucleus
tractus diagonalis, the nucleus interstitialis striae ter-
minalis and the medial preoptic area. all of which
also contained high GAD activites (Table 4). Dissec-
tion of samples from fresh tissue confirmed that the
GAD activity and GABA uptake were comparable
to those in substantia nigra and higher than in globus
pallidus (Table S). Homogenisation and subsequent
centrifugation of a sample from this region (parts 3
and 4, Fig. 3) demonstrated most of the enzyme to
be lucalized in the particulate fraction (Tabie 5).

Mesencephalon

AAD was found to display a high activity in the
middle and dorsal parts of the ventral tegmental area
whereas a significantly lower activity was found in
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TABLE 1. REGIONAL DISTRIBUTION OF AROMATIC AMINO ACID DECARBOXYLASE IN NORMAL AND TRANSECTED
SIDE OF RAT BRAIN

Unoperated
(umol/h/g dry wt)

Region

Aromatic amino acid decarboxylase
Transected
(Percent of normal brain)

Olfactory tubercle V
Olfactory tubercle D
N. Accumbens medial
N. Accumbens lateral

102 + 22(7.2)
44 1 10(42)
16.6 + 1.2(10,3)
104 + 0.8(14,3)

37+ 70138
50 + 7(2.2)*

9+ 50118)*
40 + 6(10.8)*

Septum 6.2 + 06(5.2) 33 + 321
Neostriatum 14.2 + 1.0(15% 14 £ 3(11.8)°
Medial forebrain bundle 140 £ 26(73) 18 + 5(2.2)*

N. Interpeduncularis

Ventral tegmental
area D

Ventral tegmental
area M

Ventral tegmental
area V

Substantia nigra
compacta

Substantia nigra
reticulata

51+ 08(19.7)
244 +22(103)

286 + 46(10,3)
13.2 + 26(6.3)
150 + 26(5.2)

4.0 £ 0.6(19.2)

102 £ 12210
86 + 150103

95 + 18(8.3)
132 ¢+ 14(7.2)
99+ 11(7.2)

74 + 15(11,0)

The results are expressed as mean + SEM. (number of samples, number of animais), D = dorsal,

M = middle, V = ventral.

* Operated side significant different from unoperated side, P < 0.05 (Student r-test).
Since we routinely measured the activity in n. accumbens, olfactory tubercle V and neostriatum
to examine the extent of the lesion more data appear on the transected side than on the normat

side.

the ventral part of this region (P < 0.05, r-test).
Higher activity was found in the pars compacta than
in pars reticulata of substantia nigra, and an inter-
mediate activity was found in the interpeduncular nu-
cleus (Table 1). After hemisection, no statistically sig-
nificant changes occurred in any of these regions.
ChAT was highly concentrated in nucleus interpe-
duncularis. The activity was low in the ventral teg-
mental area and in substantia nigra (Table 2). The
dorsal part of the ventral tegmental area contains

fibres belonging to the cholinergic habenulo-interpe-
duncular tract (KATAOKA et al., 1973), and this prob-
ably accounts for the fact that this region has a sig-
nificantly (P < 0.05) higher activity than the ventral
part. No significant changes occurred in these struc-
tures after hemisection (Table 2).

AChE-staining of the mesencephalon (Fig. 4)
showed an intense staining of nucleus interpeduncu-
laris in agreement with the high ChAT activity also
present. The pars compacta of substantia nigra and

Tast. 2. REGIONAL DISTRIBUTION OF CHOLINE ACETYLTRANSFERASE IN NORMAL AND HEMITRANSECTED RAT BRAIN

Choline acetyitransferase activity
Operated brain
Unoperated side Transected side
(Per cent of normal brain)

Normal brain
Region (umol/h/g dry wi)
Olfactory tubercle V 96 + 6(14,4)
Offactory tubercle D 71 £ 4(74)
N. Accumbens medial 84 +17(93)
N. Accumbens lateral 41 + 8(8,3)
Septum 45 + 6(11,3)
Neostriatum 83 +6(73)
Medial forebrain bundle 52+9(949)

N. Interpeduncularis
Ventral tegmental

31+ 26(5.3)

area D 18 +4(83)
Ventral tegmental

area M 10 + 2¢7.3)
Ventral tegmental

area V 742073
Substantia nigra

reticulata + compacta J+1(53)

106 + 9(14.5)
109 + 13(7.4)
106 + 6(2t.7
120 + 10(21.7)
112 1 14(12.5)
98 + 5(25.6)
125 + 17(11.4)

114 + 8(10,3)
104 + 22(6.3)
118 4 14(14,6)
117 4+ 10(13.6)
96 + 22(8.3)
102 £ 9(17.5)
117 + 15(104)

109 + 9(15.5) 122 + 10(15.5)
91 + 1384 81 4 1400
110+ 200103) 112 + 20(10.4)
109 + 28(8.4) 103 + 11(9.4)

110 + 25(10,2) 120 + 28(9.2)

The results are expressed as mean + SEM. (number of samples. number of animals). Abbreviations as in Table 1.
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TARLE 3. REGIONAL DISTRIBUTION OF GLUTAMATE DECARBOXYLASE IN NORMAL AND HEMITRANSECTED RAT BRAIN

Normal brain

Region {umol/h/g dry wt)

Glutamate decarboxylase activity
Unoperated side Transected side
(Per cent of normal brain)

220 £ 21(9.3)
274 + 5(9.3)
220 £ 11(113)

Olfactory tubercle V
Olfactory tubercle D
N, Accumbens medial

N. Accumbens lateral 163 + 48(9.3)
Septum 187 + 6(9.3)

Neostriatum 90 +11(9.3)
Medial forebrain bundle 600 + 88(6,2)

N. Interpeduncularis 144 + 10(6.3)

Ventral tegmental

area D 91 + 8(6.3)
Ventral tegmental

area M 94 + 8(6.3)
Ventral tegmental

area V 103 + 9(14,5)

Substantia nigra
reticulata

Substantia nigra
compacta

615 + 43(6,3)
234 + 41(4.3)

103 + 9¢12,5)
108 + 10(10,5}
103 + 15(20.5)
88 + 21(15.3)
117 £ 16(124)
114 £ 9(18,5)
110 + 11(5,3)
99 + 5(187M

120 £ 11(17.4)
93 + 8(12.5)
110 + 8(19.5)
92 + 10(13,5)
112 £ 5(12,3)
118 + 12(11.4)
108 + 17(5.3)
96 + 5(16,5)

97 + 8(19.5) 104 + 11(15,5)

96 + 9(16.5) 98 + 12(13,5)
94 + 10(14.5) 91 + 8(12,7)
91 + 6(39.6) 19 + 4(30.6)*

109 + 12(19,3) 57 +£5(13.3)*

The results are expressed as mean + S.EM. (number of samples, number of animals). Abbreviations as in Table ).
* Significantly different from normal brain P < 0.01 (Student ¢-test).

the ventral tegmental area displayed intermediate
staining, which is in contrast to the low ChAT activity
in these regions and further demonstrates that the
AChE is unreliable as a cholinergic marker in this
region. in agreement with other reports (FONNUM,
1973, FONNUM et al.. 1974).

Higher activity of GAD was found in pars reticu-
lata than in pars compacta of substantia nigra. Sub-

TaBtt 4. DISTRIBUTION OF GAD ACTIVITY IN THE REGION,
TRAVFRSED BY THE MEDIAL FOREBRAIN BUNDLE

Sample number
according to
Fig. 3

GAD activity
(umol/h/g dry wt}

612 + 32
715 + 108
1042 + 76*
757 £ 96
502 + 46
508 + 98

E- R A e

The results are expressed as mean + S.EM. and are taken
from 6 8 samples.

* Sample 3 significantly higher than the other samples
tP < 0.08%)

stantia nigra contained much higher activity than any
part of the ventral tegmental area and nucleus inter-
peduncularis. Hemisection was accompanied by a
dramatic loss of GAD in both parts of substantia

IZSOT

umol/h/g dry wi
- -

2

J b i i N

0 9 8 7 6
Distance(mm) from interaural line (Konig & Klippel, 1963)

FiG. 5. Distribution of GAD activity in the MFB in rostro-

caudal direction. Each point is the mean + SEM. of 4-14

analyses. If less samples were analyzed. individual values
are given.

Tanir S, ToTAL GAD ACTIVITY, PARTICULATE GAD ACTIVITY AND HIGH AFFINITY GABA UPTAKE OF HOMOGENATE FROM
SOME REGIONS RICH IN GABA

Total GAD activity
(umol/h/g protein)

Particulate GAD activity
(Per cent of total)

GABA uptake
(pmol/min/mg protein)

Medial 715 + 110 79 +4 152 + 1.2
forcbramm bundle
Globus pathdus 61 + 28 79 +1 63112
Striatum 161 + 32 79 +2 43+ 05
Substantia migra hLANECR 85+ § 121 £ 08
The results are mean + SEM. from 3 experiments.
\
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nigra on the lesioned side, but it was without effect
on GAD activities in the ventral tegmental area or
in nucleus interpeduncularis (Table 3).

DISCUSSION

In the present report we have studied the levels
of transmitter synthesising enzymes as markers for
cholinergic. GABAergic and aminergic structures. The
advantage of studying ChAT and GAD instead of
ACh and GABA has been discussed elsewhere (FoN-
NUM, 1973b). AAD is, however, invoived in the syn-
thesis of both dopamine, noradrenaline and serotonin
(KUNTZMAN et al., 1961). Immunofluorescence shows,
however, particular intense staining of AAD in dopa-
minergic terminals, rather than in serotonergic or
noradrenergic neurons (HOKFELT et al., 1975). Since
the present study involves regions where the level of
dopamine predominates over noradrenaline and sero-
tonin (BROWNSTEIN et al.. 1974; HORN et al, 1974;
SAAVEDRA et al., 1974), the level of AAD thus prob-
ably mainly reflects dopaminergic structures. It is well
established that the dopaminergic fibres are derived
from the socalled A9 and A10 cell groups in the
mesencephalon (DAHLSTROM & Fuxg, 1964; UNGER-
STEDT. 1971), and the decrease of AAD in the telence-
phalon was therefore taken as evidence for a success-
ful lesion. In all operated animals, AAD was de-
creased by more than 50°%, on the lesion side.

Previous studies have revealed that the nucleus
accumbens contains a high concentration of dopamine
{BROWNSTEIN et al., 1974; HORN et al., 1974), tyrosine
hydroxvlase (SAAVEDRA & ZiviN, 1976). GAD (Tap-
PAZ ¢t al., 1976) and ChAT (PaLkOwITS et al., 1974).
These findings have been substantiated and expanded.
The highest concentration of AAD, GAD and ChAT
was localized to the medial part, which is particularly
cell rich, of the nucleus (PoweLL & LEMAN, 1976).
This part also stained more intensely for AChE and
with catecholamine fluorescence (JacoBowiTz & PatL-
KovITS, 1974). Neither ChAT nor GAD changed sig-
nificantly after hemisection, excluding the possibility
that these elements derived from ascending fibres.

Also the olfactory tubercle contains a high level of
dopamine (BROWNSTEIN et al. 1974; HORN et al.,
1974) and a dense distribution of dopaminergic ter-
minals (UNGERSTEDT, 1971). GAD and ChAT have
been found 1n considerable concentrations
{KATAOKA et al., 1975; PALKOVITS et al., 1974, TarPaz
et al., 1976). Whereas the highest level of AAD was
confined to the ventra) part, only moderate differences
were found for ChAT and for GAD slightly more
was found in the dorsal part. The latter may be due
to slight contamination of the dorsal part with the
MFB. Previous work has suggested that the choliner-
gic 1nput to the olfactory tubercle may be derived
from cells in the lateral preoptic area (LEwis &
SHUTE. 1967 If a substantial part of the cholinergic
input had been derived from this area. we would have
expected to find a substantial decrease of ChAT in

abso

F. FONNUM, I. WaLAAS and E. IVERSEN

the olfactory tubercle since our lesion destroyed at
least the caudal part of the preoptic area.

The distribution of AAD, GAD and ChAT have
been previously studied in detail in neostriatum (cau-
datus-putamen) (FONNUM et al. in press (b)). The level
of AAD and ChAT was similar to the levels in the
mesolimbic areas, whereas GAD was significantly lower
in the dorsal striatal sample than in the mesolimbic
areas. ChAT and GAD did not decrease after hemi-
transection. The findings in striatum after hemitran-
section are in good agreement with the suggested
ascending dopaminergic fibres (ANDEN et al., 1964),
cholinergic interneurons (GUYENET et al. 1975;
MCGEER et al. 1974) and descending GABAergic
fibres (KiM er al.. 1971; FONNUM et al., 1974, 1977b).

The localization of ChAT and GAD in different
parts of septum have been studied previously (PaLKO-
vITS et al., 1974; TapPaz et al, 1976). We included
septum in our study since it also receives dopaminer-
gic fibres from the A10 group (LINDVALL, 1975). The
sample which included the nucleus of the diagonal
band and the medial septum contained less AAD and
ChAT activities than the other regions examined, but
relatively high GAD activity. Interestingly, ChAT and
GAD. unlike AAD, did not decrease afier hemisec-
tion.

Several interesting results were found in the
samples from the rostral part of the medial forebrain
bundle. This bundle consists in part of serotonergic,
dopaminergic and noradrenergic fibres (MOORE et al..
1965; UNGERSTEDT, 1971), and we found a high level
of AAD in the region, in keeping with the role of
the enzyme in the synthesis of both catecholamines
and serotonin. After hemisection. the activity de-
creased as expected. The level of ChAT was inter-
mediate, in agreement with the diffuse AChE staining.
Since ChAT was unchanged after transection, there
are probably no cholinergic fibres in the bundle. The
most interesting result in this region. however, was
the unexpectedly high level of GAD. which in the
freeze-dried sections was well above the activity of
GAD in the substantia nigra. In the fresh tissue sec-
tions (Table 5), the dissection encompassed a larger
region, but the activity was still well above the level
both in substantia nigra and in globus pallidus.
regions with high GAD activity (FONNUM et al.. in
press (b)). Several research groups have found high
enzyme activities in neighbouring regions such as the
lateral and medial preoptic arcas (TAPPAZ ¢t al. 1976
KATAOKA et al., 1975). or the bed nucleus of the stria
terminalis (BEN-ARI et al., 1976). These results have
been confirmed. but they do not account for the high
activity in the MFB. Our results demonstrate that
this maximum is located in a region immediately ven-
tral to the commissura anterior and traversed by the
MFB. The most caudal part corresponds to the ros-
tral part of the lateral preoptic area. This is in agree-
ment with the distribution of GABA in the lateral
hypothalamus, which was found to be highly concen-
trated at the A 7000 level (KIMURA & KURIYAMA,
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1975). The region of high GAD activity is not limited
to i single nucleus delineated by classical anatomical
methods. The closest may be the substantia inno-
minata which, however. 1s tll-defined in rodents. The
tatter region has been suggested to represent the ven-
tral part of globus pallidus (HetMER & WILSON, 1975).
Our findings on the rostral part of MFB seem to be
n agreement with such a suggestion since both MFB
and globus pallidus contain high GAD activities,
active high attinity uptake of GABA and moderate
ChAT actninies (Table S: FONNUM et al,, in press (b)).
Exammation of GAD activity in more rostral and
caudal parts of the MFB demonstrated a distinct de-
chine moactinity, in agreement with TaPPaz et al.
t1976). who only found an intermediate level of GAD
n the MFB dissected from hypothalamus. Thus the
high activity found was probably not due to MFB
fibres. In agreement with this, no change of activity
was found after hemitransection. indicating that the
MFB does not contain GABAergic ascending fibres.

In the mesencephalon. the ventral tegmental area
contains the dopaminergic cell bodies which give rise
1o the ‘mesolimbic” fibres (UNGERSTEDT, 1971 BJORK-
LU ND & LINDVALL. in press: SIMON et al., 1976). Since
the functional subgroups of these cells are differently
topographically organized. we divided the area into
three. ic. the dorsal part which projects mainly to
septum, the middle part which mainly projects to nu-
cleus accumbens. and the ventral part which mainly
projects to olfactory tuberculum (BIORKLUND &
LiznonvaLe, in press). The three parts of the ventra)
tegmental region did not differ markedly. particularly
when one remembers that the ventral sample also in-
cluded the area near the brain surface which contains
few dopaminergic cells {HOKFELT ef al.. 1975). In the
substantia nigra. as expected. we found the dopa-
minergic cells 1o be concentrated in the pars com-
pacta. The ChAT levels in both these dopaminergic
cell nucler were low. The GAD activity, however, was
differently distributed. The activity in the substantia
mgra was S to 10 umes higher than in the ventral
tegmental arca Furthermore, whereas the GAD level
on the lesioned side was reduced in the substantia
mgra after hemitransection. the activity in the ventral
tegmental arca was unchanged We therefore con-
clude that the mesolimbic dopaminergic cells do not
recenve . deseending GABAergic innervation. as do
the dopaminergic cells in the substantia nigra.

In conclusion there were many similarities between
the dustrtbution of GAD. ChAT and AAD in the lim-
bic and neostniatal structures examined, but there
were considerable differences in both the origin as
well as the Jevel of GABAergic fibres in the two
regrons contunmg dopaminergie cell bodies.
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THE EFFECTS OF SURGICAL AND CHEMICAL
LESIONS ON NEUROTRANSMITTER CANDIDATES
IN THE NUCLEUS ACCUMBENS OF THE RAT

1. WaLaas and F. Foxni'M
Norwegian Defence Research Establishment. Division for Toxicology. Box 25, N-2007 Kjeller, Norway

Abstract The ongin of fibers contwming different neurotransmutter  candidates in the nucleus
accumbens of rat bran has been studied with surgical and chemical lesion techniques. Destruction
of the medial lorebrim bundle decreased the actinity of aromatic amimo acid decarboxylase by %07,
1n the nuckeus Cutting of the forniy or & hemitransection decreased the high atfiniy uptake of glutamate
by 5% and the endogenous level of glutamate by 33" The high aftinity uptake of glutamate was
concentrated 10 the synaptosomal fraction and the decrease after the lesion was most pronounced
1 this fraction. Restricted lesions indicated that tibers in the fimbria fornia coming from the subiculum
were responsible far this part of the ghitamate uptake m the nucleus. Local imjecnon of kame aad
o the nucleds was accompanied by o 78 decrease i choline acety ltransferase and a 5%, decrease
i acetyichohnesterase activities, i 707, decrease 10 glutamate decarbovy lase activity and a 60°, decrease
in the high attimiy uptake of ~aminobutyrate. a 457, decrease in high affinity glutamate uptake.
and no change in aromane amino aad decarboaylase activity. Performing a lesion of the fornix after
Kainic acid intection fed to an X857 decrease in high affinity glutamate uptake. without further affecting
the other neuronal markers.

The results indicate that all ammergic tibers to the nucleus accumbens are ascending in the medial
forebriin bundle. that the subiculum  accumbens fiber are “glutamergic’. and that the nucleus abo
contains intinsic glutamergie or aspartergie cells. Cholinergie and -amnobuty rate-contaning celis
are wholly intrinse to the aucleus

THr SUCLEUS accumbens septi has i recent vears & Ivirsts. 1977) 1t was shown that @ hemitran-
been the subject of a number of morphological and  section caudal 1o the nucleus destroyed the aminergic
developmental studies which have indicated that the  fibers which travel in the medial forebrain bundie
nucleus and s connections have characteristies i (Linpvatt & BIoRKLUND, 19740 Patkovits :277)
common both with “hmbic” structures and with the  but left the cholinergic and  GABAergic  struc-
' basal gangha (HIMIR & Witson, 1975 Swanson & tures intact (Fossum of af. 19775 In the present

COWAN, 1975 CONRAD & Prart, 1976 Powrtl &  study. the prease ongin of these  chelimergic.

LeMAN. 1976, Winiams, CrossMas & Statik, 1977: GABAergic and also possible “glutamere  ivers has

Lawson, May & Wittiams, 19771 Also. the clectro-  been investigated with surgical and

physiological and neurochemical interactions between A prehmimary gecount of some of *7 ese iesults has

several transmitter candidates present in the nucleus.  been given (Waraas & FoNnstm. 1977

¢.g. dopamine. acets leholine. glutamate and ;~amino-

butyric actd (GABA) have attracted attention (Woon-

RUFE. McCarRTHY & WaLKIR, 19760 McCARTHY.

WalkiR & WOODRUHL 1977 Barthount, 1977;  Murerah

CoNsoLO. Lapinsay. Biasom & Gurzzi 1977 Mao, Kainie acid was from Sigma Chenueal Co. St Louns.

CHENEY. MARCO, RVUELTA & CosTA. 1977; Prriz U SA White Wistar rats of both exes. weighing

DF LA MorA & FUXL. 1977), However. except for the 170 200g. were rom Dyrlaege Mollergaard-Hanssens

ascending dopaminergic fibers (Linpvatl & BIORK- '\\l‘l"hm."“mm.l' Dmmﬂrk. R"d"mhcm'ca.h were

1 ND. 1974) our knowledge of the  natomical organi- obtamed Irt““ N?“ P.nghmd '\uc‘c‘_"‘ Bn.s‘f‘n'l SA and

. ) . The Radiochemical Centre, Amersham. UK
zation of the fibers containing these transmtters s

i lesions.

FXPFRIMENTAL PROCEDI RE-

k & d Pm.‘m,‘“:“ [ ..;J‘,‘. . ..
Mdamnn it

syl incomplete

We have previoushy shown that in the rat, the
nucleus contaus hgh deasiies of putative aminergic
[mosth dopaminergic and  serotonergic (HorN,
Coitto & Mittir, 1974, Saavipra. BRowsstiN &
Patkovits, 1974]. cholinergic and GABAergic strue-
tures. especttlly m the medial part (FOsNUM. Wap aas

thhreriattons AChE . acetylchohinesterase, ChAT. cho-
e acetyitransferase GABA . amimobunvrate

Lesons

The animals were anesthetized with a mixture of diaze-
pam and Hypporm vetennars tdanssen Pharmacological
Codand placed m & Kopl stereataxie apparatus. The shull
was opened with @ dental drifl. and known afferents to
the nucteus accumbens (DE Orvos & INGrRav. 1972 ho
ISHIDA, MIYARAWA & NalTo, 1974, Powitr & Livas,
1976, Swanson & Cowax, 1977) were lestoned

(I A henmrramsectton was done with @ blunt spatula a1
the level of the bregma, as previoushy deseribed (bossey

209
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et al., 1977). This lesion destroved all ipsilateral ascending
fibers to the nucleus.

(2) The medial forebrain bundle was cut by lowering a
thin spatula at tne level of the bregma to the base of the
brain 1.5 Imm lateral to the midine. This lesion cut
through globus pallidus and the median forebrain bundle
fibers, but left the formx bundle intact.

(3) Fibers from the thalumus were destroyed by placing
an electrode insulated to the up at coordinates A: 40.
L. 1.0 Vi -02 (Koxic & Kupper, 1963), and making
an electrocoagulation with 2mA for 20s. This led 1o a
lesion centered 1 the parafascicular and centromedian
nuclei.

(4 The dorsal neocortex was remoted ain one side oy
suction down to the white matter under visual gudance.
reaching within 2 3 mm from the frontal pole and includ-
ing the whole cingular cortex.

(5) The caudal pyriforin cortex was exposed after remo-
val of the zygomatic arch aud ventral skull (Powetl.
CowaN & RAISMAN, 1965) and lesioned 1y suction under
visual guidance. This lesion destroved the cortex betwcen
the rhinal fissure und the base of the brain. but left the
amygdalowd nucler intact.

(6) “Fornix iesion’. which comprised the cingulum
bundle. fornix and fornix supertor and stria terminalis. was
done with a scalpel 2mm behind the bregma. lowered
6 mm from the skull surface and moved 4 mm from the
midline on both sides (Fig. 1). To differentiate between
the fiber bundles destrosed by this lesion. 4 senies of more
restricted lesions were performed:

(7) The cinguium bundle was cut bilaterally with a scalpel
just in front of the bregma. lowering it Smm from the
skull surface (Fig. 1)

(8) A long purasagittal lesion which comprised the stria
terminalis, the lateral alveus-fimbria system and also the
ventral amygdalofugal pathway was done with u blunt can-
nula lowered to the base of the brain 3 mm laterai to the
midline, moved in the sagittal plane from A 1.0 to A
6.0. and then laterally to the side of the bramn (Fig 1)

(9} A short parosagiziad Tovies winch comprised the in-
ial part of the stri erminalis. the ventral ams gdalofugal
fibers and also a small part of the anteroventral part ol

F1G 1 Schematic drawing showing ates ol lesions of dil-

ferent projections to the nucleus accumbens as viewed from

above (. hemitransection. 6. fornin lesion. . cinguium

bundle lesion. X. long parasagittal leson. 9. short para-

sagittal lesion dbbreriations. ACC, nucleus accumbens

AM. amygdata. HE. hippocampus. S, subiculum. ST st
terminalis. k. timbna

the fimbria. was done with a cannula in the same way.
but moving it rostrally only from A 30 10 A 6.0 (Fig 1)

U0V A dorsal purasagittal {estion which comprised the
dorsal stria. terminalis and latera!) imbria was done with
a scalpel 2.5 mm lateral to the midhne. lowered 6 mm from
the skull surface and moved from the level of the bregma
to the level of the lambda. terminating 4 mm from the
skull surface. This leston left the medial and caudal part
of the hippocampal formation intact

Kaime actd was dissolved 1in 097 NaCl (4 mg 'y and
the pH adjusted to 7.2 with NaOH A hole was made
n the skull. & Hamilton microsyrimge was lowered 1o co-
ordinates A 90. L. L0. D: - 09 (Ko~ & Koippil. 1963
ane o apwasntused duem e 8 TR S KB
were performed by antusing 097 NaCl o the
same manner The haime aad lesion was contralied on
sections from separate bramns stamned for cells with M-
Grunwald Giemsa stan

To study the effect of combined chemical and surgical
lesions, ammuals were injected with hamnie aad. allowed to
recover for | week and then operated with o bibareral

Meciions,

fornin lesion

I issue preparation

For enzvme activity or uptahe studies. normal or lesioned
anmmaly were decapitated. the brinn tihen out and cut in
400 600 pm - thick shees with o Sorvall tssue chopper in
the cold room Al lesions were inspected. and the bramns
discarded 1t necessary. The nucleus accumbens, and., in nor-
mal brains. the oifactory tubercle, luteral septum. caudate
putamen (neostriatum) and globus paihdus were dissected
following the atlas of Konig & Kupetr (1963), The
sumples were homogenized an glass Tetton homogemizers
at ROO rev. mun an cold 032 sucrose 27, w v so ay 1o
preserve synaptosomes (Fosse s, 19700 kept on ice and
anilyzed for uptake actnvity within 30 mn For amino acid
analy s, the ammals were hlled by microwase irradiation
focussed on the shull for 3 (Guiportn Cuesiy, TrRant ¢
cHL Dorecon Waso & Hawkiss, 1974 and the nucleus
acvumbens dissected out For sebccliviar actionatn, one
nucleus accumbens (approv 1hmg wet weightl was home
agemzed 1in 0 Smilosotomie sucrose and separated inte
Po-pellet and mutochondrial. synaptosomal. myehn and
soluble fractions as previously deseribed (husp Kakisis
& FONNUM. 197%) The sy naprosomal marker choline ace-
nittansterase (ChAT EC 231 61 1he mitochondrial marker
carmnne aeetsliransferase (FC 23107 the glutamate

uptabe and protem content were measared i Pyognd all

fractions

Buow henticad anaiysis

bFor uptake studies, Sl of homogenate were added 1o
wSml Trs Krebs medmum. sncubated with radioactine
hgand for Ymin at 28 (. and the uptake termimated by
Millipore ltration as pressousty described (FONSUM ¢ ol .
19771 AN higand. either 1 -{ 23 "H Jplutamate (100 ") or
a minture of [PH jglatamate (0 T and [U-PC)GABA
O T s sere used Under these conditions, glutamate and
GABA do noetinterfere with each other's transport (Bat -
Ak & Jonsston 1970 Separate experiments demon-
drated that the cadioactivaty accumulated 10 nucleus
accumhens beonegenates was proportional to the amount
of tissae within the range used 1 this study In a few
experiments. b= 23 H laspartate was used as i non-meta-
hobic igand (Dvrs & Jodssion, 19760 1o exclude the
possiility of metabobic mfluence on the uptake




43

Neurotransmitters in the nucleus accumbens 211

Tantt | THE TFFECT OF HEMITRANSECTION ON NEUROTRANSMITTER MARKERS IN THE NUCLEUS ACCUMBENS

Unoperated side Operated side Difference

tumol h g protein) (#zmol h g protein) “.)
Glutamate uptake 260 + 013 (1) F42 £ 0te (14 . — 35
GABA uptuke 548 + 0.36(7) 487 = 0.56(T) o=
Aromatic amino aad decarbozy kise 356 + 6.5 (9) T1L+23 9 - X0*
Choline acets tiransferise 116 + 10 (8) 100 + 20 (X) - 15
Glutamate decarbon lase MO+ 3 (6 296 + 51 (6) -5

Results presented as mean + s.m. (number of animals).
* P < 0001 {Wilconen patred comparion test).

For enzvme anali s, the homogenates were treited with
Frivon \-100 tfingl cone. 127 v v Previously described
methods were used for determinations of ChAT (Fosst o
1975y), aromatic anune aad decarbozslise (FC 41,1260
1BROCH & Fosstw, 19721 plutamate decarboxs tase (EC
S LS (Fossus er al. 1977y and acetyichohinesterase
{AChE. EC 3.1 (Fossu s 19691 Carmitine acety ftrans-
ferase actngty was analyzed using Kahgnost extraction at
acid pH to nolate the product (Losp Kareses & Fosse s,
1975).

Endoyenous wmime actls were analyzed by the double
iotope dansylation  technigue as previously  described
(FosstUM & Wataas, 197510 Proten wis measured accord-
ing to Lowry, Rostsrot GH. FARR & RANDALL (1951).

Statistical treatment

Comparisons between the sides with and without lesions
or briuins with and without lesions were performed with
the Wilconon parred comparison test or the Wilcoxon two
sample test as appropridte (HopGrs & Lrasass, 19640,

RESULTS

To study afferent transmitters in the nucleus
accumbens, surgical lesion technigues were emplosed.
Seven duss after o hematransection  through  the
globus pallidus, the high affimity glutamate uptake
was decreased by 437 and the aromatic amino acid
decarbony e activity was decreased by 80°,. while
glutamate decarbonylase and ChAT activities and
the high atimty uptake of GABA were unchanged
(Table 1. Samples from the unoperated side displayed
the same glutumate and GABA uptakes as sham

CHOLINE ACETYLTRANSFERASE
0 UNOPERATEC  oREMITRANSECTED
CARNITINE ACETYLTRANSFERASE
® UNOPERATED  @HEMITRANSECTED

~ w
L T
.

RELATIVE ACTIVITY
T

! 03 06 12 14
SUCROSE MOLARITY

operated and unoperated ammmals (data not shown).
This has also been shown to be the case for aromatic
amino acid decarboxylase. ChAT and glutamate
decarboxylase (Foxnum ef wl. 1977) and the un-
lesioned side was therefore used as control in the rest
of this study. except where bilateral lesions were per-
formed.

Further analysis of the glutamate uptake demon-
strated that the decrease following hemitransection
was almost maximaily developed after 7 days (Fig. 2).
Subcellular fractionation demonstrated that the up-
tuke was concentrated in the synaptosomal fraction.
where most of the decrease after lesion was also found
(Fig. 3). In contrast. the mitochondrial marker carni-
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FiG. 2. Time course of changes in high affimty glutamate
uptake 1n the nucleus accumbens after hemitransection
Fach point s mean + skum. of five to nine operated ami-

mals expressed as per cent of simultaneously analyzed un-
operated ammals,
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Fie. 3 Sucrose density gradient centrifugation showing the subeellular distnibution of choline acetyl-
tramsferase, carmitine acetvitransferase and high athnity glutamate uptake i the nucleus secumbens
of unoperated and hentransected rat bram. Each pomt 1s mean + sitM. from three animals expressed

s relative o the activity i P-pellet from unoperated animals (see Experimental Procedures).
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tine acetyltransferase (McCaMAN, MCCAMAN & STAF-
FORD, 1966) and the synaptosomal marker ChAT did
not display decreased activities in any of the fractions
studied. Topographical distribution studies demon-
strated that glutamate was most active in the neo-
striatum, shightly less so in the lateral septum and
nucleus accumbens, rather low in the olfactory tubercle
and very low in the globus pallidus (Table 2).

Selective lesions of known afferents to the nucleus
accumbens (Fig. 1) revealed that lesions of the medial
forebrain bundle, the thalamic nuclei. the dorsal neo-
cortex. the caudal pyriform cortex and the cingulum
bundle had no effect on glutamate uptake in the
nucleus (Table 3). A short parasagittal lesion. which
destroyed the stria terminalis and the ventral amygda-
lofugal pathway, or a dorsal parasagitial lesion, which
destroyed the stria terminalis and the lateral fimbria,
but left the ventrocaudal part of the hippocampal for-
mation intact, also did not decrease the glutamate
uptake. A long parasagittal lesion, however, which cut
through the whole hippocampal region. led to a sig-
nificant decrease in glutamate uptake. A fornix lesion,
designed to destroy all fibers coming from the hippo-
campal formation. led to a decrease comparable to
that found after hemitransection. These results indi-
cate that part of the glutamate uptake in the nucleus
accumbens is dependent on fibers which originate in
the hippocampal formation and travel through the
fornix. Aromatic amino acid decarboxylase activity
analysis after some of these lesions confirmed that
the decrease in glutamate uptake was independent of
the aminergic innnervation, as a median forebrain
bundle lesion decreased the aromatic amino acid
decarboxylase activity by the same amount as a
hemitransection without affecting the glutamate
uptake (Table 3).

Amino acid analysis after a lesion of the fornix
demonstrated a significant decrease in the concen-
tration of endogenous glutamate. and also a shight
decrease in aspartate. which, however. was barely
significant (P = 0.05 with the Wilcoxon iwo-sample
test, P > 0.10 with the Student’s r-test). The levels of
GABA. glycine and glutamine were essentially un-
changed (Table 4).

To study the intrinsic transmitters in the nucieus
accumbens, the neurotoxic glutamate analogue kainic
acid was injected stereotactically into the nucleus.
Histological staining of sections from these animals

TaBLE 2 THE DISTRIBUTION oF Tt PTAKE OF 10 "M Gt
TAMATE IN THE BASAL GANGEIA AND “MESOLIMBICT REGIONS

Glutamate uptake
{umol h g protem)

Neostriatum 414 + 0OIR(2T
Globus patlidus 0.46 + 0078
Lateral septum 262 + 027(¢1%
Nucleus accumbens 267 + 016415
Olfactory tubercle 142 + 01201

Results presented as mean + st M (number of animals)

TABLE 3. THE EFFECT OF RESTRICTED LESIONS ON THE UPTAKE
OF GLUTAMATE AND ON THE ACTIVITY OF AROYATIC AMINO
ACID DECARBOXYLASE IN THE NUCLEUS ACCU'MBENS

Aromatic amino

Glutamate acid

uptake decarboxylase
Region with lesion (per cent of control brain)
Dorsal cortex 9 + 7 (7)
Thalamic nuclei 105 + 13(8)
Medial forebrain bundle 86  15(8) 2+ T8
Pyriform cortex Hi + 13(4)
Bilateral fornix 48 + 4 (1)
Cingulum bundle 93 + 11(S)
Dorsal parasagittal lesion 97 + 4 (4) 91 + 6(4)
Short parasagittal lesion 8% + 13(4) 87 + 8(4)
Long parasagittal lesion 67 + 16(5)** 97 + 9(5)

Resulis presented as mean + s.t M. (number of animals).
* P < 0.001, ** P < 0.05 (Wilcoxon two-sample test).

5- 6 days after injection (not shown) demonstrated a
heavy loss of cells with large nuclei and basophil cyto-
plasm while the remaining cells were characterized
by small dark nuclei. thus probably being of a glial
nature. This lesion was not completels confined to
the nucleus accumbens. but in most animals also
encroached on adjoining regions of the septum. neo-
striatum and olfactory tubercle. Biochemical analysis
after this lesion demonstrated approximately a 70°,
decrease in the activities of ChAT and glutamate
decarboxylase, a 60", decrease in GABA uptake and
a 347, decrease in AChE activits. while the aromatic
amino acid decarboxylase activity was unchanged.
The glutamate uptake was found to be decreased by
approximately 45°, (Table S). In sham injected ani-
mals. no decrease in these parameters was found.

Performing both kainic acid injection and fornix
transection in the same animals led to approximately
an 85", decrease in the glutamate uptake. This treat-
ment had no additional effect on ChAT. glutamate
decarboxylase or aromatic amino acid decarboxylase
activities compared to kaimic acid alone (Table 6).
Thus. the decreases in glutamate uptake after these
two lesions were found to be additive.

TaBit 4 THE FEFECT OF FORNIN TRANSECTION ON THE CON-
CENTRATIONS OF SOME AMING  ACIDS IN THE  NUCLEUS
ACCUMBENS

Unoperated side  Lesioned side
nH=6 n =R
tumol g protemni (mol g protein)  A°

Glutamate 103.4 63 - 23

+ 17 694 +
Aspartale 26+ 21 20004 21 —22ee
Glhyane 141 + 19 158 + 34 + 1o
y-amimobutyrate 446 + 16 WO+ 3s -1}
Glutamine 945 + 5K K60 + 99 9

Results presented as mean 4+ sa M
*P <002 ** P =005 (Wilcoron two-sample 1est). or
010 < P < 0.20 (Student’s r-test)
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Tantt S, THI HFHECT OF LOCAL KAINIC ACIHD INJECTION ON NEUROTRANSMITIFR MARKERS IN THE NUCLELS ACCUMBENS

Uningected side Injected side Difference
(umol-h g protein) ()

Glutamate uptake 249 + 0259 1.22 + 0.21(9) -47%*
GABA uptake 4.00 + 041 (S5) 1.52 + 0.25(5 —62°
Aromatic amino acid decarboxy lase 94 +181(9) 416 + 21 9 +6
Acetylcholinesterase 7340 + 340 (6) 4760 + R0O (6) —15¢
Choline acets ltransferase 129+ 7 (1Y IM+Ss 1y —76%*
Glutamate decarboxs lase 235 + 20 (10 75 + 24 (10) ~T0%**

Results presented as mean + Se.m. (number of animals).

*P =001 P <0002 *** P < 0001 (Wilcoxon paired comparison test).

TABLE 6. THI FFEECT OF UNILATERAL KAINIC ACID INJECTION FOLLOWED BY BILATERAL LESION OF THE FORNIX ON NEURO-
TRANSMITTER MARKERS IN THE NUCLELS ACCUMBENS

Unlesioned animals

Uninjected side Change Injected side Change
tumol h g proteint  (umol h g protein) (] (tmol h g protein) )

Glutamate uptake 117 £ 020
Aromatic amimno acid decarbos fase 40.7 + 24
Choline acety ltransferase 102 +9
Glutamate decarboxy lase 256 + M0

L&7T + 022 B 154 0.54 + 0.16 —¥3*

428 + 24 +5 417+ 12 +3
96 + 7 -6 2+ - 78*
259 + 30 +1 73+ 27 -72*

DISCUSSION

Methodological considerarions

The suitability of aromatic aminoe acid decarboxy -
luse, ChAT and glutamate decarboxylase as markers
for catecholaminergic indolaminergic. cholinergic and
GABAcrgie fibers respectively has previously  been
discussed (FoxztM, 1975 Fonsest of al. 1977) In
contrast. a marker for putative glutamergic fibers has
been dithcult to tind. However. recent reports indicate
that the so-called “high affinity uptake’ of glutamate
v spectfically Tocated 1in such terminals (Yousa.,
OstiR-GraNiTE. HEIRNDON & SNADER. 1974 STORM-
Marttnsin, 19770 Divac, FosseM & Storm-Mari-
SEN. 19770 McGrtre MOGHER. SCHFRER &  SINGH.
1977: Lusp Karisin & Fosnem, 1978; Fonntm &
Wat aas. 1978). This uptake might therefore be a suit-
able marker for such neurons. but at least in rvitro
! the carrier does not seem ta be able to distinguish
between glutamate and aspartate, another transmitter
candidate (BALCAR & JOHNSTON, 1972). In this study.
we have therefore used glutamate uptitke as marker
for both putative glutamergic and aspartergic fibers,
and performed amino acid analyses to differentiate
between them.

Transmitters in afferent fibers

Judging from neuroinatomical studies, most fibers
reaching the nucleus accumbens in rat bram seem to
originate from more caodal regions (Swasnson &
\ Cowan. 19751 We therefore started these studies with
a complete hemitransection placed caudal to the nu-
cleus. This has previousls been shown to be without
effect on glutiamate decarboxylase and ChAT activi-
tics. but to decrease the aromatie amino aad decar-
boxslase activity substantidhy (Fosst st er ol 1977,

Results presented as mean + s.EM. from six unlesioned and siv operated animals.
* P <0001 ** P =002 (compared with unlesioned animals. Wilcoxon two-sample test),

These results have been confirmed. but in addition
we found that the high affinity glutamate uptake de-
creased by 40 50°, after this lesion. while the high
affinity, GABA uptake was unchanged.

Glutamergic afferents. The possibility of a gluta-
mergic innervation of the nucleus accumbens was
therefore studied in more detail. Firstly, a topographi-
cal distribution study of glutamate uptake demon-
strated great differences in uptake activity in different
regions, e.g. a high uptake was found in the neostria-
tum. slightly less in the lateral septum and nucleus
accumbens. lower stll in the olfactory tubercle, and
very low in the globus pallidus. Of these regions. both
the neostriatum. the lateral septum and the olfactors
tubercle have been suggested to receive glutamergic
fibers (Divac et al, 1977 Kim. HassLer, HatG &
Paik. 1977 Fonnum & Waraas, 1978: Harviy.
ScHoLFIFLD. GRAHAM & APRISON. [975). Secondly.
subcellular fractionation of homogenates from the nu-
cleus accumbens showed that glutamate uptake was
most active in the sypaptosome-enriched fraction.
Thirdly. the time course of the decrease in uptake
after placement of a lesion was generally comparable
to that usually found for other transmitter markers
following axotomy (Rets. Giean. Proker & Jou. 1978).
Also. the decrease in uptake was clearly not a result
of changes in amino acid metabolism in the nucleus
following lesions, as pilot experiments with the meta-
bolically inert ligand p-aspartate, which travels by the
same uptake mechanism as t-glutamate and L-aspar-
tate (Daviks & Jounston. 1976). demonstrated ap-
proximately the same decrease after lesion (38 407,
i three animals).

These results thus indicated that almost 50°, of the
high  afhinity - glutamate  uptake  the  nucleus
accumbens was specitically Jocalized in nerve ter-
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minals of an ascending projection to the nucleus.
More restricted lesions were then performed to find
the origin of this projection.

No significant difference in glutamate uptake was
demonstrated after removal of the cingular or the
pyriform cortex. Electrocoagulation of intralaminar
thalamic nuclei aiso left the uptake unchanged. Tran-
section of the medial forebrain bundle destroyed the
aminergic innervation but had no effect on the uptake
of glutamate. Thus fibers from the ventral tegmental
area and brain stem, thalamus. and cingular or pyri-
form cortex did not possess a detectable part of this
uptake capacity. Bilateral lesion of the fimbria;fornix,
however, led to a decrease in glutamate uptake com-
parable to that found after hemitransection. Lesions
designed to differentiate between the fibers cut by this
lesion indicated that the glutamate-accumulating
fibers innervating the nucleus accumbens through the
fornix originate in regions located medial and caudal
in the hippocampal formation. The excitatory fibers
in the fimbria fornix (De FRANCE & YOSHIHARA, 1975)
which probably come from the subiculum and ter-
minate in the nucleus accumbens (Swanson &
Cowan, 1977) seem to fit this description reasonably
well. Also, finding the same decrease in uptake after
hemitransection and bilateral lesion of the fornix indi-
cated that the projection was unilateral, as has been
shown to be the case for the subicular fibers (SwaN-
soN & Cowan, 1977). Amino acid analysis after place-
ment of the lesion demonstrated a significant decrease
in the level of glutamate but not in aspartate. Thus,
the subiculum-accumbens fibers are excitatory. they
possess high affinity glutamate uptake. and have a
high concentration of glutamate in their terminals.
We therefore propose that these fibers are glutamer-

gic.

Transmitters in local neurons

With the introduction of the selective neurotoxic
compound kainic acid. which in several brain regions
has been shown to destroy local neurons but to leave
afferent fibers intact (OLNey. Ruer & Ho. 1974
McGeer & McGEER, 1976: COYLE & SCHWARCZ.
1976. Hattort & McGeer. 1977: Hernbon &
CovLE. 1977; FONNUM & WAaLAAS, 1978). a direct
lesioning technique has been made available for
analysis of the transmitter composition of local
neurons. However, microscopical control of the type
and the extent of the lesion will be necessary. In the
present study, the lesion exhibited the same light-
microscopic characteristics as those described by
ScHwarcz & Covee (1977) in the neostriatum, with
a selective loss of neuronal cells. However, the
changes were also found to be present in adjoining
regions. Thus, short projections to the nucleus
accumbens (PowrLl. & LEMAN. 1976) would probably
also be affected. However, such projections are prob-
ably quantitatively insignificant (SwansoN & Cowan,
1975). and we therefore think that the results of kainic

acid injection may be interpreted mainly as a conse-
quence of the loss of intrinsic cells.

Following injection of kainic acid. massive losses
in both glutamate decarboxylase and ChAT activities
were found. Indeed. in some animals the nucleus was
found to be almost totally devoid of these enzymes.
Acetylcholine and GABA therefore seem to be present
almost exclusively in intrinsic neurons. GABA uptake
decreased slightly less than the fall in glutamate
decarboxylase activity and the activity of AChE de-
creased markedly less than that of ChAT. A small
part of the GABA uptake is therefore probably local-
ized outside kainic acid-sensitive neurons. possibly in
glial cells. while a substantial part of the AChE
activity could be present in glial cells (HEMMINIKI,
Hemminikl & Giacosing 1973) or in afferent non-
cholinergic fibers (LEHMANN & FiBiGER. 1978). The
aminergic marker aromatic amino acid decarboxylase
was unaffected by kainic acid. demonstrating that the
ascending dopaminergic and serotonergic fibers were
intact.

In contrast, the high affinity uptake of glutamate
was decreased by 40-50°, after injection of kainic
acid, the same decrease as found after lesion of the
fornix. This result would seem to indicate either the
existence of intrinsic glutamate/aspartate neurons in
the nucleus accumbens, or alternatively that the affer-
ent glutamergic fibers had been destroyed by kainic
acid. To test these possibilities, we combined the
lesion of the fornix and the injection of kainic acid.
and found that the decreases in glutamate uptake
were additive. Thus. the afferent fibers were not
lesioned by kainic acid. and destruction of some local
cells, either neurons or glia. which also can accumu-
late glutamate in a high affinity manner (HiNN,
GOLDSTEIN & HAMBERGER, 1974), must have been re-
sponsible. Since glial cells are left unchanged morpho-
logically after the application of kainic acid (OLNEY
et al. 1974; HatTort & MCGFER, 1977 SCHWARCZ
& Covik, 1977). the decrease in glutamate uptake
probably reflects a degeneration of intrinsic glutamer-
gic or aspartergic neurons.

Conclusions

Our results indicate the existence of a subiculum -
accumbens projection which probably uses glutamate
as transmitter. ascending aminergic fibers from the
mesencephalon. and populations of intrinsic choliner-
gic. GABAergic and glutamergic or aspartergic cells.

The identification of these systems should help in
clarifying the functional interplay of the different
transmitter systems present in the nucleus. and also
the functional organization of the different ‘limbic’
and ‘extrapyramidal’ regions connected with the
nucleus accumbens.
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BIOCHEMICAL EVIDENCE FOR OVERLAPPING
NEOCORTICAL AND ALLOCORTICAL GLUTAMATE
PROJECTIONS TO THE NUCLEUS ACCUMBENS AND
ROSTRAL CAUDATOPUTAMEN IN THE RAT BRAIN

IVAR WaLAas!
Norwegian Defence Research Establishment, Division for Toxicology, N-2007 Kjeller, Norway

Abstract  The high affinity uptake of L-glutamate has been used to investigate the origin and distribu-
ton of putative glutamate fibers in restricted parts of the rostral caudatoputamen and the nucleus
accumbens of the rat brain. Ablation of the frontal cortex reduced the glutamate uptake heavily (—77%)
1n the dorsal part of the 1ipsilateral caudatoputamen, but also led 10 significant decreases in the ventral
parts of the ipsilateral caudatoputamen { — 62°, and — 53°,). in the ipsilateral nucleus accumbens ( —25%;
and — 18"} and in the contralateral dorsal part of the caudatoputamen (- 21°,). Lesion of the caudal
neocortex reduced the glutamate uptake in the dorsal part of the ipsia- - candatoputamen only
{ - 2301 Lesions of the fimbria fornix reduced the glutamate uptake n U - of the ipsilateral
nucleus accumbens (- 46, and - 34° ) and by approximately 20°, in the wh wrsoventral extent of
the antenor caudatoputamen.

The results indicate that the frontal neocortex distributes fibers which may use glutamate as neuro-
transmutter both to the whole ipsilateral caudatoputamen and to the nucleus accumbens, and also to the
dorsgl parts of the contralateral caudatoputamen. The caudal neocortex probably sends such fibers to
the dorsal ipsilateral caudatoputamen, and the caudal allocortex sends such fibers through the fimbria/
fornix to the nucleus accumbens and the ventral part of the ipsilateral caudatoputamen. The results thus
corroborate previous suggestions of close similarities between the nucleus accumbens and the ventral

caudatoputamen

RECENT anatomucal and neurochemical evidence indi-
cates that the nucleus accumbens septi possibly might
be regarded as an integral part of the rostral neostria-
tum (HEMER & Wiison, 1975; SwansoN & Cowan,
1975, FONNUM. WalLaas & IVERSEN, 1977 NAUTA,
SMITH. Favtt & Domesick, 1978: WaLaas & Fon-
NUM. 19794) Both these nuclei receive major cortical
projections, and anatomical investieations have
shown that the neostriatum (oo yputamen)
receives most of these fibers from the ne. cortex (KON-
ZLE. 1975: HeoReen, 1977). while the nucleus accum-
bens receives most of its cortical input from the allo-
cortical hippocampal formation (HEIMER & WILSON,
1975 Swansox & CowaN. 1977). We have previously
demonstrated that these two projections contain
fibers which probably use glutamic acid as neuro-
transmitter (Divac. FONNUM & STORM-MATHISEN,
1977; Wai aas & FONNUM, 19794, results which have
been confirmed by other workers {McGeeR, MCGEER,
SCHERER & SINGH. 1977; Zaczex. HEDREEN & COYLE.
1979). The present study was designed to further
investigate some aspects of the distribution pattern of
these glutamate fibres. and in particular to study
whether they terminate in separate fields or whether
they overlap. The high affinity uptake of glutama;e
present in these fibres has therefore been analysed in

! Present address Department of Pharmacology. Yale
University School of Medicine. New Haven CT 06510,

USA

the dorsal, middle or ventral parts of the rostral cau-
datoputamen and in the medial and lateral nucleus
accumbens after separate or combined lesions of the
afferent cortical projections. The effects on the chol-
inergic marker enzyme choline acetyltransferase
(EC 2.3.1.6) and the monoamine marker enzyme aro-
matic amino acid decarboxylase (EC 4.1.1.26) (Fon-
NUM et al., 1977) have also been investigated, in order
to control the density of local neurons and mesence-
phalic aflerents after the different lesions. Some pre-
liminary results have been reported (WaLAAS & FoN-
NUM, 1979h; WaLAAS, 1980).

EXPERIMENTAL PROCEDURES

Male Wistar rats, 180-200 g body weight, were subjected
to 4 types of lesions under anesthesia with fentanyl/fluani-
sone (Hypnorm vet, Mckos) and Valium (Roche). The
frontal neocortex anterior to the bregma was removed uni-
laterally by suction down to the white matter under visual
guidance. with the lesion extending ventrally to the rhinal
fissure and the olfactory bulb (Fig. 1). In some of these
animals a small part of the cortex anteriomedial to the
forceps minor of the corpus callosum was spared (Fig. 2).
The fibers from the hippocampal formation were lesioned
either by a unilateral or bilateral knife cut through the
fimbria and fornix | mm behind the bregma and 6 mm
deep to the scull surface (Fig. 1) (WaLaas & Fonnum,
1979a). by a unilatera! suction lesion through the dorsal
parietal cortex which destroyed the septal part of the hip-
pocampus and the fimbria under visual guidance, or by a
hemitransection of the brain at the level of the globus pal-
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FiG. 1. Schematic outline of lesions of the corticofugal pro-

jections, viewed from above. 1. anterior decortication; 2,

fornix transection: 3, hemitransection: 4, posterior decorti-

cation. Abbreviations: A, nucleus accumbens: cp. caudato-
putamen: HI, hippocampus.

lidus (WaLAAs & FoxnuM, 19790). A third group of ani-
mals received both a frontal decortication and a bilateral
fornix cut and a fourth group received a suction lesion of
the caudal neocortex and corpus callosum overlying the
dorsal hippocampus (Fig. 1). The tatter leston was designed
to control for possible neocortical fibres being destroyed
by the fimbria formx denervauons.

Six to nine days after surgery. the animals were decapi-
tated and the nucleus accumbens and the anterior caudato-
putamen were dissected and divided as shown in Fig 2
from frontal brain slices. The samples were homogenized in
cold 0.32 M sucrose, pH 74, in glass-Teflon homogenizers
to preserve nerve terminals (WaLaas & FonnuM. 1979q).
and preincubated in Krebs-tris buffer in a shaking water
bath at 25 C for 15min. L4(2.3-*H) glutamate (22.5 Gi
mmol, New England Nuclear. Boston) was added (final
conc. 1077 m), the incubation was terminated after 3 min
by rapid filtration, and the amount of labelled glutamate
accumulated in the tissue was measured by liquid scintilla-
tion counting (FONNUM er al., 1977).

For enzyme analysis, the homogenates were treated with
Triton X-100 (final conc. 0.2°,. v v} to release maximal
activity, and choline ucetyltransferase and aromatic amino
acid decarboxylasc were analysed with previously de-
scribed methods (BROCH & FoNNUM, 1972; Fonntm, [975),
All results were related to protein content (LOWRY. ROSE-
BROUGH., FARR & RANDAIL, 1951), with bovine serum
atbumine used as standard.

RESULTS

In unoperated animals. the highest density of gluta-
mate-accumulating structures was found in the ven-
tral part of the rostral caudatoputamen, with dis-
tinctly lower uptake activity in the medial nucleus
accumbens (Table 1). In contrast, cholinergic ter-
minals as demonstrated by choline acetyltransferase
activity were concentrated in the dorsal caudatoputa-
men and medial nucleus accumbens, while the amin-

=
=
. [ - . - 3
v | & L. . * <

BEL8|T T T T 2093

«!':.o_w 20 -« N4 < (o] ;

elss |+ + o+ 3

2= - ~  og
s|g5g |8 =~ B8 % B3

=9

€ .
5| zd5 .
X[ 58T g
=] L = - - . [ » =3
3 SEY | . . o e
<|F2838|¢< T I T =V
x| 8C o2 | @ P ~ - e~ A
M- + HoH o+
x | = 0eX .
- BT @ | — =) - =
= s - =
&
2 <
X - -~ -1
I a - —_ - o v v
Z | o g |z < T T Sia
-3 © 82 ~ vy ©° O = e
= e =g i i +1 + .
f Sed= +! + + | -

;Q&: - o - g ~ <
2|l2z88 |2 e A > le
£ =3e“ v
Zleg?

e N - a,
oL C . e .
< S .= . . .

v S ECca .~ =) L~ = = 7
Z | 5282 ¢ = z = <&
= 3 -2 = > © = %
51 & &a +I + P | 'E.
. - (&)
2 T g £ 2 3§
3 - 2
3 33 — - % ! 2
= e o= * * = = .
= o = < — - - = .-
< e m | = P > = == c
z 722 [
z BEE +| +1 +i +1 +H | o=
— p— - (]
3 F2E |8 < 5 5 2l 3
< g§~ = = g ¢ > .2
- =20 I
’ .- 3
= s>
z 2= £
< 5:—1‘ < — = s ;
2 Sed e = T oz £
- =3 > —_ x v, > h-l
: .g--:’: +1 -1 4 1 +| z
o = && > > -~ ¥
z v oo = ~ - x 2
z = = - =
2] h
7z _ é
ki — _— - —
-] R =] < woon 2
5 c 5 = - —- - -
z o= = - T % %
< 703 < ~ - - ") s
% ;’Eg \ + + + .+l 7
= [ 4 x = x > =
4 §§c‘: = x x ©~ 3
= = |} 2
= e S z
z o] | |2
; 3 =
- 2= . - [ )
z ® 7 o . . - . P
€= .* . . L s :
Z -55 2 S U N
) s 9%8 (= = = = ol|ZXx
e - < — — — el — ]
* [ > o - - ~ :
S| SE% : g
: I & +1 + -1 . +! ]
- (] el ~ x -~ £l
E ‘x ~ b 4 ~ (] -
< c -
H c X
- - - E
- = £ - - - - - 3
3 .cw EN x x =~ w | £
> ‘ =z T T ¢
2 TE|S = g 2 =3
z ig +1 +1 + +1 +f umJ
Z ~ - X .
b S | € x = = 2+
< e —_ - 3 e ~ e
F4 - 2 K]
2 = g
= a
Lt n
s
- o
2 £ § 5
«< - - Er - -
(& s|35 § 5§55 § g |5
|28 & 38 o g Q-g
V| %5 5 B% 3 |28
|55 § SE £ T |s¢@
2 3 3§ E z ik
35 3 32 & R
3 -~ EXRY zg
r4 9] E
\




31

Corteal projections (o nucleus accumbens and neostriatum 401

Fii 2 Schematic drawing of frontal brain secions modified from KONIG & KLiPPEL (1963). Outline of

dissected samples indicated on the left side. I, medial nucleus accumbens; H, lateral nucleus accumbens:

111, ventral caudatoputamen; 1V, central caudatopu amen: V, dorsal caudatoputamen. Abbreviations:

Ac, nucleus accumbens; cp. caudatoputamen. CC, corpus callosum; CA, commissura anterior; FR,

rhinal fissure; LOT, lateral olfactory tract: SE, septum. Numbers indicate distance in front of interaural
line in um. Outline of anterior neocortical lesion indicated on upper panel, right side.

ergic terminals containing aromatic amino acid decar-
boxylase were more evenly distributed (Table 2).

The denervation procedures led to sigmficant
effects on the glutamate uptake in all regions
(Table 1) Unilateral rostral neocortical ablation con-
sistently removed all cortical tissue on the frontal dor-
solateral part of the hemsphere. but usually left a
small part of the cingular, suprarhinal and anterome-
dial cortices intact. This lesion reduced the glutamate
uptake significantly in all ipsilateral regions, most
heavily in the dorsal caudatoputamen (-77") and
least 1n the medial accumbens ( — 18°,). Contralater-
ally, the glutamate uptake decreased significantly in
the dorsa) caudatoputamen (- 21°,) and also slightly

L LU PR

in the central sample ( - 12°,. not significant). Second,
ablation of the caudal dorsal neocortex and corpus
callosum overlying the dorsal hippocampus decreased
the glutamate uptake significantly in the ipsilateral
dorsal caudatoputamen (—23°). Third, unilateral
destruction of the allocortical fibres in the fimbria/
fornix by means of three different procedures all
reduced the glutamate uptake in both parts of the
ipsilateral nucleus accumbens ( —45% and —35%) and
in the ipsilateral ventral and central parts of the cau-
daroputamen (- 24°, and —21°,). Two of these pro-
cedures, ic., the brain hemitransections and the fornix
transections, also destroyed afferents to the nucleus
accumbens running in the stria terminalis, while no
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TABLE 2. AROMATIC AMINO ACID DECARBOXYLASE AND CHOLINE ACETYLTRANSFERASE IN NUCLEUS ACCUMBENS AND CAUDATO-
PUTAMEN FOLLOWING CORTICAL LESIONS, FORNIX LESIONS OR HEMITRANSECTIONS

Ipsilateral frontal

Unoperated brain

decortication, per

Fornix lesion, per Hemitransection, per

Region pmol/h/g protein  cent of unoperated cent of unoperated cent of unoperated
Nucleus accumbens AAD 496 + 3.5(6) 103 + 5(5) 106 + 10 (11) 23 + 54
Medial part ChAT 216 + 33 (5) 96 + 3 (6) 91 + 3(5) -
Lateral part AAD 479 + 44(6) 91 + 9(5) 104 + 11 (11) 12 + 1(4)*
L ChAT 157 £ 19(5) 91 + 3(6) 83 + 13(5) 104 + 11(4)
Caudatoputamen AAD 589 + 3.3¢6) 95 + 7(5) 94 + 10(11) 13+14)°
Ventral part ChAT 172 + 5(10) 96 + 6(5) 109 + 7(5) 116 + 13(4)
AAD 545 + 36(6) 101 + 9(5) 94 + 12(6) 18 + 34)*
Central part ChAT 232 +9(10) 91 £ 5(5) 98 1 7(5) 110 + 104)
AAD 561 +22(5) 88 + 3(5) 17 + 5(4)*
Dorsal part ChAT 255 % 33(5) 86 + 6(5) 98 + 3(5) ~

Results presented as mean + SEM (number of animals). *P < 0.01 (Wilcoxon's 2 sample test).
Abbreviations: AAD, aromatic amino acid decarboxylase; ChAT, choline acetyitransferase.

visible damage could be seen in this fiber bundle after
the suction lesions. After all these operations, the dor-
sal caudatoputamen displayed approximately the
same reduction in uptake activity as after a caudal
neocortical lesion. No significant effects were found in
any regions on the contralateral side after the caudal
lesions (Table 1). More extensive lesions substantiated
these findings. Combining a unilateral frontal decorti-
cation with a bilateral fornix lesion demonstrated ad-
ditive effects on the glutamate uptake in all regions
ipsilateral to the frontal cortex ablation (Table 1).
Contralaterally, such additive effects were only found
in the 2 dorsal parts of the caudatoputamen, confirm-

CAUDATOPUTAMEN

RN

CONTRALATERAL

ing that only these parts of the rostral caudatoputa-
men receive inputs from the contralateral frontal cor-
tex (Fig. 3). Analysis of the activities of choline acetyl-
transferase and aromatic amino acid decarboxylase
revealed that the densities of cholininergic and amin-
ergic terminals were unchanged following both neo-
cortical and allocortical lesions in all regions studied
(Table 2). In the hemitransected animals. the aromatic
amino acid decarboxylase activity decreased by
75--88¢, in both caudatoputamen and nucleus accum-
bens. These resuits agree well with our previous
studies (FONNUM et al.. 1977; WarLaas & FONNUM,
1979q).

ALLOCORTEX

NUCLEUS ACCUMBENS

FiG. 3. Schematic outline of origin and distribution of putative glutamate-using cortex fibres to the
caudatoputamen and nucleus accumbens in the rat bram.
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DISCUSSION

The present study confirms that lesions of cortical

neurons in the rat brain decrease the glutamate
uptake capacity in the caudatoputamen and nucleus
accumbens without destroying intrinsic cholinergic
cells or aminergic fibres from the mesencephalon
(Divac et al., 1977 MCGEER et al., 1977; WALAAS &
FONNUM, 1979a). Thus, this glutamate uptake ca-
pacity is probably concentrated in the terminals of the
cortico-striatal and cortico-accumbens fibres. It
would therefore appear to be well suited as a bio-
chemical ‘marker’ in studies on both the topography
and terminal density in addition to investigations on
the transmitter identity of these projections.

The nucleus accumbens and the ventral caudatoputamen

The major question investigated in the present
work is whether the allocortical fibres to the nucleus
accumbens distribute in a terminal field clearly separ-
ated from the fundus of the anterior caudatoputamen.
Recent anatomical studies using either sensitive stain-
ing methods after anterograde degeneration (HEIMER
& WiLsoN, 1975) or autoradiographic studies after
anterograde transport of tritiated protein (SWANSON
& CowaN, 1977) have clearly demonstrated the exist-
ence of these fibres, but not defined their terminal
fields unequivocally. The present results appear to
answer this question: those allocortical fibres coming
through the fimbria/fornix and displaying glutamate
uptake clearly extend outside the nucleus accumbens
as usually defined (K6NIG & KLIPPEL, 1963; NAUTA et
al., 1978). Furthermore, assuming that these allocorti-
cal fibres all have approximately the same glutamate
uptake capacity. the results indicate that the terminal
density of this projection probably is greatest in the
medial nucleus accumbens (where these fibres are
responsible for the uptake of approximately
75 pmol/mg protein/3 min of the labelled glutamate,
calculated from Table 1. However, the density is only
slightly lower in the lateral nucleus accumbens (ap-
proximately 65 pmol;mg protein/3 min) and in the
ventral caudatoputamen (approximately 55 pmol/mg
protein;3 min). Thus, no sharp boundary separates
the nucleus accumbens and the ventral caudatoputa-
men in this respect.

The present study also demonstrates that the ipsi-
lateral frontal neocortex distributes fibres to the nu-
cleus accumbens. thus confirming recent anatomical
studies (BECKSTEAD, 1979). The terminal density of
this putative glutamate-using projection is more diffi-
cult to estimate, as some of the fibres may originate in
regions in the anteriomedial cortex (BECKSTEAD, 1979)
which partly may have survived the ablation pro-
cedure (Fig. 2). However, my results indicate that they
probably distribute terminal boutons in the nucleus
accumbens less densely than do the allocortical fibres
(Table 1). In contrast, the ventral caudatoputamen
lateral to the nucleus accumbens has a much higher

density of neocortical than allocortical glutamate
fibres (glutamate uptake: approximately 140 pmol/mg
protein/3min vs 55 pmol/mg protein/3 min, see
above). Thus, the terminal field of the neocortical
fibres in the caudatoputamen does exhibit some sort
of boundary towards the nucleus accumbens, even if
such fibres also penetrate into the accumbens proper.

In conclusion, therefore, the nucleus accumbens has
the same qualitative pattern of cortical glutamate-
fibre innervation as the ventral caudatoputamen, but
the allocortical input dominates quantitatively in the
nucleus accumbens while the neocortical input
dominates in the ventral caudatoputamen. The distri-
bution of cholinergic terminals found in this study
also does not distinguish the nucleus accumbens
clearly from the caudatoputamen, and the pattern of
afferent dopaminergic innervation and acetylcholin-
esterase staining is also very similar (FALLON &
MOoORE, 1978 LINDvALL & BIORKLUND, 1978; Fon-
NUM et al.. 1977). However, the detailed distribution
of catecholamines is different, with highest concen-
tration of noradrenaline found in the medial accum-
bens and negligible amounts in the cadatoputamen
(OPSTAD & WaLAAs. unpublished). The two nuclei
also exhibit differences in the density and projection
pattern of y-aminobutyrate neurons (FONNUM et al.,
1977; WaLaAs & FoNNuM, 1979¢, 1980). Therefore,
despite the anatomical similarities between the 2 nu-
clei (HEIMER & WILSON, 1975; HEIMER, 1978; NAUTA
et al., 1978), the bulk of the neurochemical evidence
indicates that the nucleus accumbens probably should
be regarded as a distinct part of the ‘ventral striatum’
(HEIMER & WILSON, 1975: HEIMER, 1978) and not as
an integral part of the caudatoputamen.

The dorsal caudatoputamen

Two aspects of the glutamate-projection to the cau-
datoputamen should also be briefly mentioned. First,
the dorsal part of the caudatoputamen appears to
receive an input of such fibres from the contralateral
frontal neocortex. This confirms previous results from
this laboratory (Divac et al, 1977), and is in agree-
ment with anatomical studies in other species (CaAR-
MAN, COWAN, POWELL & WEBSTER. 1965. KUNZLE,
1975). Second, a significant part of the glutamate
uptake in the dorsal caudatoputamen appears to orig-
inate in the caudal neocortex. These fibres were not
found when the whole caudatoputamen was tested
(FONNUM, STORM-MATHISEN & Divac, 1981) and
probably represents a restricted input to the dorsal
caudatoputamen only. This interesting projection
might possibly be involved in transferring information
from the visual cortex to the basal ganglia (HoL-
LANDER, TieTze & DisteL, 1979). Lastly. the dorsal
striatal regions had considerably less residual gluta-
mate uptake activity than the ventral samples after
combined cortical denervations (30-40 pmol/mg pro-
tein/3 min vs 80-100 pmol/mg protein/3 min, respect-
ively, calculated from Table 1). These ventral regions
may therefore contain more dense populations of
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either local glutamate neurons, glial cells accumulat- neurons. However, some‘corlical neurons may also
ing glutamate (HENN, GOLDSTEIN & HAMBERGER. have been destroyed by this lesion (FRIEDLE, KELLY &
1974) or glutamate fibres arriving from more ventral MOORE, 1978; WURTHFLE, LOVELL. JONES &_ MOoRE,
cortical regions (HEIMER & WiLsON, 1975). In the nu-  1978). The origin of this glutamate uptake will there-
cleus accumbens, injections of the selective neurotoxic  fore require further study.

compound kainic acid, which probably destroys local

neurons but leaves afferent fibres and glial cells intact,

decreased the glutamate uptake significantly (WALAAS Acknowledgements | thank Liv Eviassex for expert tech-
& FONNUM, 19794). Thus, this nucleus may contain at nical assistance and Dr J. WALKER for reading the manu-
least some local glutamate (or aspartate-using)  script.
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THE TFFECT OF INTRAHIPPOCAMPAL KAINIC ACID
INJECTIONS AND SURGICAL LISIONS ON
NEUROTRANSMITTERS IN HIPPOCAMPUS AND SEPTUM

FoFosst M oand | Wataas
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Abatract  Local impection of hamie aad (2 gt was accompanied by desttucion of itninsie neurons
i the Jotsad part ot hippocampus The leston was accompanied byvoa "5 reduction in giutamate
decathonvyhase activiny a otk reduction i the high atbinty uptake of U-glutamate. s 40 600 reduction
i the endogencous Jevels of aspartate. glutamate and GABA and no charges in the activities of |
chaline acensltransterase or aromatic amine acrd decarbosylase 1n the dorsad hippocampus U ndateral
destrienon of neurans an the dorsgl hippocampus was followed by 4 20 30" reduction in the high ‘
athisty aptake of atutamate i lateral. but not in medial septum. on both ides There was no reduction
Cvhannc aeens aanskorase glatamate decarbosylase or aromatic amino acd decarborvlase gctivities
i the Laterad o nediad part of the septum Transection of timbria and superior fornin was accompanied ‘
Py savere redue ceon choline geetvittansferase and aromatic amino aad decarbovy lise activaty
in hippocampus n the high affinity uptake of glutamate and 1n the endogenous level of glutam e
m o the lateral septum The results gre consistent with the coneept that i the hippocampus hainie
acud destrovs intrnsie neutons and not afferent fibres It scems therefore that all CGEABAvrgic tores
i the hippocampus belong tooantninsie neurons whereas glutamergic and aspartergic neurons helong
partiv to focal neurons The vonnecaon from the hippocampus o the hteral septum probabh oses

glutamate as 4 transmitter

teeoc amer s anctuding the area dentats s o rela-
tvely simple faminated structure with restricted affer-
ent fibres and few intninsic cell 1ypes In recent work
the localization of putative neurotransmitters 1n affer-
ent fibres has been well documented. The cholinergic
structures are distributed i laminae (Fossues, (970)
and are derived trom cells in the medial septum and
nucleus of the dragonal band (Liwis of ol 1967,
ODIREEED-Now AN o7 af . 1974 The serotonergic and
noradrenergic fibres are of extrahippocampal onigin
ISTORM-MaTHIiN & GUipseraG. 1974) and are de-
rived from cells in the median raphe nucleus (LORINS
& GUIDRIRG. 1974 A7Mitia & SEGAL, 10 press) are
locus coeruleus (Ross & REis, 1974, respectively

Recent experiments also indicate that glutamate
and aspartate may function as transmitters 1n some
afferent fbre systems in hippocampus. e g the perfor-
mant path and commssural fibres (NapLrR of ol
19760 SToRM-NatHIseEN, 1977

1t more dithendt o obtian direct evidence to aden-
tfy the neurotransmatters in antrinsic neurons. There
s strong arcumstant of evidence that GABA i hip-
rwampus is present in local neurons (STORM-MATH-
10 1972 and also that glutamate or aspartate may
be the transmmtter of intrpsic systems such as the

Vhbhrevianion. et ChAT  choline  acetsltransterase
GAD. glutamate decarbosvlase AAD. aromatic t-aminn
aoid Jecarbosv e

massy fibres and the Schaffer collaterals (Crawrorp
& CONSNOR, 1973 STORM-MartHisiN, 1477

Recently 1t has been suggested that local injection
of hainie aad. 4 powerful glutamate analogue. in
other brain regions destroys intrinsic nedrons but not
afferent fibres (OuSty of al. 1974 ScHWARCZ &
Covte, 19770 & b Hattort & McoGeer. 1977,
Wataas & Fonsum. 1978, an presst We have
therefore studied the effect of kaime acid njection
on the neurotransmutter candidates in hippocampus
Since th= pvramidal cells in hippocampus project to
the se~tum (RAISMAN ef af. 19661 we have compared
the effect of kammc acd n dorsal hippocampus with
surgical transection of the hippocampo: septai fibres
on neurotransmitters n hippocampus and scptum

There are only limited data on locahizanon of

neurotransmitters 1o septum (bossts, [97%)

The activities of chohine deetvirransterase (ChAT.
PO 2060 glutamate decarbounlawe (GAD. BC
41115 and aromatic C-amino aad  decarbonyluse
(AAD. FC 41128 have been used as markers for
cholnergic. GABAergic and catecholaminergic fibres
respectively (FONNU M, 1975q1 while the so-called high
athnity uptake of t-glutamate has been used das a
marker for glutamergic or aspartergic ibres (Yo NG
et oal o 19 STORM-MaTiisis 19770 Davac ol
1977 Lusi-KARESES & Fosause 1975 Since 1-glu-
tamate and 1 oaspartate are tahen up nto svoapto-
somes by the same mechanism (Bate ak & JoHNsTon,
19721 amino dard anabvss has been iaed 1o differen-
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tiate between the effect on aspartergic and glutamer-
gic neurons (LUND KARLsEN & FonNUM, 1978).

MATERIALS AND METHODS

Albino male rats, weighing ca 180 g. were obtained from
Dr Molergaard-Hansens Avlislaboratonum. Denmark.
Kainic acid was obtained from Sigma Chem Co.. St. Louis,
usaA

Treatment of unimals

The animais were anesthetized with a mixture of diaze-
pam-Hypnorm and placed in a stereotaxic apparatus,
Kainic acid was dissolved in 09°, NaCl (4 mg;ml) and
the pH adjusted with NaOH to 7.2. Over a period of |
min 0.5 ul was infused through a hole in the scull into
the dorsal hippocampal region at coordinates A = +13.5,
L =25 D = +2.5 according to KONIiG & KLIPPEL (1963).
Sham-injected animals received the same amount of 09°,
NaCl. In pilot experiments, this was found to be without
effect on the neurochemical markers analysed. and unle-
stoned animals were therefore routinely vsed as controls.

The fornix lesion was performed with a small scalpel
2mm behind the bregma. lowered 6 mm from the scull
surface and moved 4 mm laterally from the midline

Preparation of tissue

The animals were decapitated after 5-7 days. The brains
were carefully taken out and transverse slices (400 um) pre-
pared with a Sorvail tissue chopper. The injection site was
mspected macroscopically. and the amimal used if the injec-
tion was located within the middie third of the dorsal hip-
pocampus. Samples for analysis were taken from shices
within | mm from the injection site in the rostrocaudal
direction while samples from ventral hippocampus in the
njected antmals were taken from the same or the adjacent
slice.

For distribution studies, hippocampus from normal ani-
mals was dissected out. freed from subiculum and fimbria,
and divided in three equal parts. The dorsal and ventral
samples were analysed separately.

The samples from septum were taken from slices
8.6-7.2mm in front of the interaural line and dissected
according to KONIG & KLippFL (19631 The medial sample
was taken dorsal to the level of the commissura antenor.
It thus contained the medial septal nucleus. and a part
of the pucleus of the diagonal band

Biochemical methods

The samples were homogemzed n (.32 M-sucrose (2°,
w'v)in such a way as to preserve synaptosomes (FONNUM,
1975a)

The uptahe of 10~ M-L-glutamate was studied by incu-
bating a Sul sample (10-15ug proten) in 0Sml Tns
Krebs medium for 3 min at 25 C as previously described
(FONNUM e1 al. 1977) The uptake varied linearly with the
weight of tissue under these conditions

For enzyme gssays the homogenate was treated with
0.2°, v v. final conc) of Triton X-100. ChAT was deter-
mined as described by Fonnum (1975h). AAD as descnibed
by BrocH & FonnuM (1972) and GAD by the method
of ALBERS & Brapy (1959) as modified by Fonnim er al
(1977). Protein was determined bv the method of Lowry
et al (1951)

For amino acid analvsis the amimaly were hilled by
focussed microwave wrradiation for 2 Ss (GUIDMTL ef al .

1974). The samples were dissected out and homogenized
in 200 mm-bicarbonate acetone ([ 11 Amuno aad content
n the supernatant was determined by the dansylation tech-
nique using [ ’H]dansy! chloride and ‘“C-fabelled amino
acids as internal standards as described by LunD KARLSEN
& Fonaum (1976). The dansyl amino acids were eluted
with 0.75 ml acetone :acetic acid {3:2 v‘v). and counted 1n
a Packard scntillation counter Model 3380 fitted with an
absolute activity analvser Model 544 set for simultaneous
determination of *H and '*C.

For histological staming. transverse sections {40 um) were
cut in a cryostat. allowed to dry on microscope shdes and
stained either with thiomn or for acetylchohnesterase
(AChE. EC 3.1.1.7) with ethopropazine as inhibitor for
butyrylchohnesterase (STORM-MATHISEN, 1970}

Statistical sigmficance of difference between dorsal and
ventral hippocampus, left and right hippocampus or feft
and right seplum was assessed by the Wilcoxon paired
comparison test. Comparison between lesioned and
unlestoned animals was performed with the Wilcoxon two
sample test {HODGES & LEHMANN, 1964)

RESULTS

Previous work has shown that biochemical changes
after fimbrial transection (STORM-MaTHISEN. 1972}
and neuronal necrosis after kaimic acid injections
(ScHwWaARCZ & Covie. 1977a. b) are fully developed
within 2 5 days. We therefore limited our investiga-
tions to a study of the effect of these factors on bio-
chemucal parameters after 5-7 days. Five days after
imjection of kainic acid into the dorsal hippocampus
a massive loss of pyramidal and granule cells was
found. Figure | shows adjacent sections stained for
cells and for AChE from an amimal where the njec-
tion was confined to the lateral hippocampus. In regio
inferior and lateral parts of regio superior and arca
dentata an almost complete loss of celis was found.
while apparently normal neurons coulo be seen in
the medial part. In sections from two other animals
(not shown) a complete loss of pyramidal and granule
cells was found. We assume that the more diffusely
localized Golgs IT and basket cells were probably also
affected although this cannot be properly seen in our
section. In contrast. the distribution of AChE staiming
did not change on the njected side. The laminated
structure and intensity of the staining were well pre-
served (Fig. l¢)

Since our lesion was restricted to the dorsal hippo-
campus we were also interested in studying the eflect
this lesion had on the ventral hippocampus. Several
of the parameters differed between the normal dorsal
and ventral hippocampus. The activities of AAD and
ChAT were found to be significantly higher 1n ventral
hippocampus. while GAD and glutamate uptake were
more eveniv distributed (Table 1).

Kanic acd injection led to a 74°, decrease in GAD
activity and 61°, decrease 1n glutamate uptake under
high affimty conditions but ieft ChAT and AAD ac-
tvities intact (Table 2). This lesion affected these par-
ameters neither in the contralateral hippocampus
(Takle 21 nor in the ventral hippocampus on the in-
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Kainic acid imjections on hippocampal neurotransmitters 1n

Tantl | DISTRINU TION OF NEUROTRANSMITTER MARKERS IN HIPPOCAMPUS

Dorsal hippocampus Ventral hippocampus

(umol h g protein) (umol h-g protein)
Glu uptake 266 £ 023 (¥) 245 £ 0.16(R)
ChAT ST+ 3(%) 74 + 3(8)*
GAD 185 + 16 (6) 206 + 21 (6)
AAD 315+ 026 56 £ 03(6)*

The results represent mean + s.t.m. (number of animals).
P <002

Taprt 2. THE BEFFCT OF INTRAHIPPOCAMPAL INJECTION OF KAINIC ACID ON
NEUROTRANSMITTER MARKERS IN HIPPOCAMPL S

Unoperated Uninjected side Injected
(umol h g protein) (" of unoperated)
Glu uptake 267 + 0.18(6) 93 + 8(%) T +4
GAD 192 + 14Oy 102 + (M) 26 + 4(1)°
ChAT 62 + 6(6) 101 + 6(7) %0 + 7(7)
AAD 17+ 02(6) 103 + 2(5) 97 + 3(5)

The results represent mean + StM. (number of animals).
* P < 0.01 compared to unoperated amimals.

jected side (ChAT: 93 + 12°,. GAD: 85 + 7°,. AAD:
92 + 12*, and glutamate uptake: 80 + 15°,. results
expressed as mean + S.EM. and are in percent of ac-
tivities in ventral hippocampus on uninjected side).
Amino acid analysis showed that the endogenous
levels of aspartate. glutamate and GABA were signifi-
cantly reduced. while alanine, glycine and glutamine
were unchanged (Table 3.

In the septum. the glutamate uptake under high
affinity conditions and GAD activity were concen-
trated in the lateral part, the ChAT activity was con-
centrated in the medial part. while AAD activity was
evenly distributed (Table 4). Following kainic acid in-
jection into hippocampus. the glutamate uptake was
significantly reduced in the lateral septum on both
the ipsilateral side (35°, decrease) and the contrala-
teral side (23", decrease). The other neuronal markers
were unaffected by this lesion both in lateral and
medial septum (Table 4).

The effects of destruction of cells in hippocampus
by kamnic acid injection was compared with the effect
of cutting the afferents and efferents by surgical tran-
section of fornix fimbria. Following fornix fimbria
lesion. ChAT activity was decreased by 90, and
AAD activity was decreased by 45°, in hippocampus

demonstrated a high glutamate concentration in
lateral septum of unoperated animals (Table 6). A
bilateral fornix lesion led to a significant decrease in
the concentration of glutamate, but not of aspartate,
glycine. GABA or glutamine (Table 6).

DISCUSSION

The concept that kainic acid, the toxic glutamate
analogue, destroys cell bodies and not afferent fibres
receives strong support in this study. Thus ChAT and
AAD in the dorsal hippocampus were unaffected by
kainic acid injection (Table 2). but were markedly de-
creased after fimbria/fornix transection (LEwis er al.,
1967; Table 4). On the other hand. GAD which did
not decrease after a series of lesions of afferents to
hippocampus (STORM-MATHISEN, 1972), was almost
completely lost after kainic acid injection (Table 2).
Glutamergic/aspartergic fibres which have been sug-
gested to be partly of extrahippocampal origin
(STORM-MATHISEN, 1977; NADLER et al, 1976) were
partly destroyed (Tables 2 and 3).

TABLE 3. AMINO ACIDS IN HIPPOCAMPU'S AFTER INTRAHIPPO-
CAMPAL INJECTION OF KAINIC ACID

(Table 5. GAD activity and high affinity glutamate Uninected side Injected side
uptake were unchanged by this lesion (Table 5). In (pmol/ug protein) (°, of uninjected)
the media) septum, the fornix/fimbria lesion was with-

out effect on the neuronal markers (Table 5). In the E'“ 921 % 10'3 63+ 7:
lateral septum. a unilateral fornix lesion led to a 40°, Gsls :82 f 5? 32 i ?0
decrease in glutamate uptake on the ipsilateral side. GABA 253 ; 14 51+ 9t
while a bilateral lesion led to a 70°, decrease in gluta-  Gin 463 + 6.1 83 ¢ 15
mate uptake (Table 5) This lesion led 10 a shght but Al 7TA%LS 82+

significant increase in ChAT activity in the lateral but
not medial septum. while GAD and AAID activities
were unchanged (Table S). Amino acid analysis

Results represent mean + sk M from 6 animals
*P <005
tP <003
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Tantt 4 THE FEHECT OF INTRAHIPPOCAMPAL INJEC TION OF KAINIC ACID ON NFUROTRANS-
MITTER MARKERS IN SMEPTL M

Lateral septum

Unoperated
{umol h g protein)

Uninpected side Injected side
ol unoperated)

Glu uptake 266 + 0.13(X) ST RS 65 + 6 (61"
GAD 262 - 1545) 1200+ 134 90+ (S
ChAT 45+« 261 94 + 1045 K6 = 15
AAD TP 09(5 103 + 15¢5%) XS + X (5)
Medial septum
Glu uptahe 095 + 014 ) 96 + X4 X6 + 10(d)
GAD 93} + X(T) e + 94 2+ T
ChAT 120 = 16(5) HE + o0y IS+ 75y
AAD T4 - 0445 L I A 9T+ 21N

The results represent mean + sb.Minumber of aminlsi
* P00l compared to unoperated animals.

Tasnr S T

Hippocampus

FEELOT OF FORNIX FIMBRIA TESION ON ST ROTRANSMITTER MARKERS (N
HIPPOCAMPUS AND SEPTL M

Medial septum Lateral septum
ol unoperated controlsy

bilat leston 10N
Glu uptake umilat leson 106
hl, 3 \
ChAT lat leston X
unilat lesion 16
GAD bilat lesion 92
AAD RN

bkt leston

4

IR RN

N (6) 9]« 95 0+ 416)*
145 XK+ |18y S9 = S5t
TSy 103+ 35y 128 « (061t
1) 5y®

1 Ty 93+ 10(S)
64t NToeNtd 19« 114y

The results represent mean = s1 M (mumber of ammalsy and are expressed as
of unoperated controly amultancously analvsed

“p.
t P <t

ang

The findings on cholinergic structures in hippo-
campus deserve some spectal comments. In other
regions which have been submitted to kainic acid in-
jection, e.g striatum (McGitR & McGEER. 1976,
ScHwARCZ & Covir, 1977q) retina (SCHWARCZ &
Covie, 1977¢). nucleus accumbens (Waraas & Fox-
NUM, in pressh. or in the mediobasal hypothalamus
(Wartaas & Foxstsm, 1978) and retina (LunD
KARLSEN & FONNUM. 1976) of glutamate-treated ani-
mals. there has alwayvs been a dramatic decrease in
ChAT. One could therefore be led to think that in
cholinergic ncurons the excitotonic effects of kaimc

TABLL 6 AMING ACIDS IN DATERAL SERTEM AFTER FORNIN
HINMBRIA TESION

Unlessoned brain
(pmol ug protein)

[ estoned bran
", of unlesioned)

"6 n o= S
Glu 1201 4S9 XA\
Asp M0 - 16 91 + R
Gly 67 + 013 96 + 20
GABA Mo 14 X4
Gin S50 482 16 + 17

Results presented as mean + s1 u
P =00

1 sompared to unoperated amimais

acid and glutanue acid (OLNEY ¢t al.. 1974) were not
restricted to cell bodies. The present results demon-
strate that chohnergic axonal terminals are insensitive
to kamic acid. The small decrease in ChAT (10°, in
Table 1) corresponded to the proportion of ChAT
resistant to fimbrial fornix transection (8-16°, in
Table St and may be due to a small proportion of
cholinergic cells with strong AChE staining in ‘area
317 of the molecular layer in regio superior (SREBRO
& MELLGREN, 1974). An additional finding in our in-
vestigation was the higher ChAT activity in the ven-
tral than the dorsal part of hippocampus (Table 1)
This agrees with the more intense AChE staining
found in the ventral part (MALO ¢f al. 1977

AAD which did not decrease after Kainic acid wjec-
tions. 18 present in serotonergic and noradrenergic
fibres which are of extrahippocampal origin (AzMITiA
& SEGAL, 1978: LiNpvaLL & BIORKLUND, 1974). After
transection of these afferent systems. however, a sig-
nificant AAD activity was left in the hippocampus
(Table 4. STORM-MATHISEN & GULDBERG, 1974). In
cortex a substantial part of AAD has been suggested
to be present in capillary walls (KELLOGG ¢t al., 1973).
The present results show that in hippocampus this
presumed non-neuronal AAD activity is resistant to
Kainie acid.
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Topographical studies of GAD activity in the hip-
pocampal region have demonstrated that the enzyme
activity is concentrated in the neuronal cell body
layers and in the molecular layers (FONNUM & STORM-
MATHISIN, 1969, STORM-MATHISEN & FONNUM, 197]).
There is apparently no significant difference between
dorsal and ventral parts (Table 1). The present work
shows a large loss (Table 4) of GAD and GABA con-
comitant with the loss of hippocampal neurons after
kainic acid. Since the loss of GAD was almost total
in some cases, we assume that the activity in both
cell body layers and molecular layers has been
reduced. Taken together with the previously reported
resistance of GAD to hippocampal deafferentation
(STORM-MATHISEN, 1972), these results indicate that
almost all GAD is present in intrinsic neurons in hip-
pocampus.

The fall in high affinity uptake of glutamate and
specific loss in endogenous glutamate and aspartate
levels after kainic acid treatment are consistent with
the possibility that intrinsic neurons could use gluta-
mate or aspartate as transmitters. This has also been
suggested after autoradiographic studies on the
uptake of D-aspartate into hippocampal slices (TAXT
et al. 1977) and measurement of glutamate uptake
into homogenates from different regions of hippo-
campus (STORM-MATHISEN, 1977), NADLER et al.,
1976). These studies together suggest that the putative
glutamergic or aspartergic neurons which are des-
troyed by kainic aad could be the granule cells which
give rise to the mossy fibres (Buackstap & KisRHEIM,
1961), and the CA 3 pyramidal cells which give rise
to the Schaffer collaterals (HIORT-SIMONSEN, 1973).
Both cell types were seen to degenerate after intrahip-
pocampal kainic acid injection (Fig. 1). The uptake
of glutamate which remained after this treatment.
could be due to the terminals of the perforant path
which arises from cells in entorhinal cortex (NADLER
et al.. 1976, STORM-MaTHISEN, 1977). A part of the
uptake may also be into glial elements (HENN er al.
1974). It has also been suggested that the commissural
fibres from the contralateral hippocampus use aspar-

_tate or glutamate as transmitters (STORM-MATHISEN,

1977, NaDLER et al., 1976). However, rostral deaffer-
entation of hippocampus did not produce a signifi-
cant loss in the glutamate uptake when the dorsal
hippocampus was tested (Table 1, Table 4). Thus the
commissural fibres in this part seem to represent only
a small part of the total part of glutamergic asparter-
gic fibres.

The pyramidal cells in the hippocampal formation
project through fimbria and fornix superior to the
lateral part of the septum on both sides (RAISMAN
et al.. 1966, SWANSON & COWAN. 1977). These fibres
have been reported to be excitatory (DeFRANCE et
al, 1973, MCLENNAN & MILLER. 19744). Our results
suggest that glutamate could be the excitatory trans-
mitter released from these fibres. Thus we found that
high affinity glutamate uptake was concentrated in
the lateral septum. Destruction of pyramidal cells in

S WY

the dorsal hippocampus by kainic acid injection
reduced the high affinity glutamate uptake in lateral
septum, but not medial septum, on both sides. Similar
results were obtained by unilateral fimbrial transec-
tion. As expected bilateral fimbria/fornix transection
led to a more pronounced decrease. The effect on
surgical transection were similar to the results
obtained by STORM-MATHISEN & WOXEN OPSAHL (in
press).

Since the reduction in glutamate uptake was only
slightly higher after unilateral transection than after
destruction of pyramidal cells in the dorsal part, we
think that the dorsal hippocampus must be the most
important source of these fibres. After bilateral tran-
section of fimbria/fornix there was a significant loss
of glutamate but not of the other amino acids includ-
ing aspartate suggesting that the hippocampal-lateral
septum connection uses glutamate as its transmitter.

The regional differences found for GAD and ChAT
in septum are in general agreement with results
obtained by the "punching technique’ (TAPPAZ et al.,
1976, PALKOVITS et al., 1974). Thus cholinergic ele-
ments seem to be concentrated in the medial part,
while GABAergic clements are concentrated in the
lateral part (Table 4). The increase in ChAT activity
in lateral septum after fornix/fimbria transection
probably represents a “pile up’ of enzyme in the proxi-
mal parts of the severed axons which arise from
medial septum as first described by Lewis et al
(1967). Our results indicate that GAD in septum is
resistant to caudal deafferentations. e.g. intrahippo-
campal kainic acid (Table 4). fornix transection
(Table 5) or complete hemitransection through the
globus pallidus (FONNUM et al.. 1977). Thus GABA
seems to be present mainly in intrinsic neurons. This
18 in agreement with electrophysiological studies
(McLENNAN & MILLER,. 1974b), which indicate that
septum contains inhibitory interneurons. Some of
these neurons could use GABA as transmitter.
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BIOCHEMICAL EVIDENCE FOR GLUTAMATE AS
A TRANSMITTER IN HIPPOCAMPAL EFFERENTS
TO THE BASAL FOREBRAIN AND HYPOTHALAMUS
IN THE RAT BRAIN

I. Waraas and F. Fonntm
Norwegian Defence Research Estabhshment. Division for Toxicology.
Box 25. N-2007 Kjeller. Norway

Abstract  The effects of bilateral transection of the fornix bundle on the high affinity uptake of gluta-
mate and on the amino acid content m several auclei of rat forebrain and hypothalamus were studied tn i
arder to mvestigate the possible role of glutamate as a transmutter of these fibres. This leson decreased
the high athimity uptake of L-glutamate by 60 70", in the mammullary body and lateral septum. and by
40 50" the anterior diagonal band nucleus. the bed nucleus of the stria terminalis. the mediobasal
hypothatamus and the nucteus accumbens. The content of endogenous glutamate in samples dissected
from frecse-drted tissue alvo decreased sigmifivantly in these regions. Endogenous aspartate was shghtly
decreased n the antertor diagonal band nucleus and the mammillary body. but unchanged in the other i
regions. No significant changes were seen o the levels of serine. -aminobutyne aad. glutamine and i
taunine. cxeept for an increase in glutamune and tauring in the bed nucleus of the stria termunalis. The
high affimty uptake of c-aminobutsric actd. tested 1 the bed nucleus of the stria terminalis. the medio-
basal hypothalamus and the mammullary bods. was unchanged after the lesion.

The results indicate that allocorucal efferents innervating subcortical nucler through the formx mught
wse glutamate as a transmutter. The study further supports the concept that glutamate plass an impor-

tant role as transmtter of severad different corticofugal fibre systems in mammahan bran

ReciNT anatomical studies 1in rodent brain have
demonstrated that most of the cortivofugal fibres
the fornix bundle onginate i the pyramidal cells in
the subiculum and terminate ipsifateratly in the sep-
tum. basal forebrain nuclei and the hypothalamus
Swanson & Cowan. 19770 MuBacH &  SuGrL.
19771 In addition, some fibres which distribute bila-
terally to the fateral septum arse in the pyramidal
cells in the CA3-CAL regions of the hippocampus
proper tANDIRSIN. Bl axn & DUbar. 1973 SwansoN
& Cowax, 19771 The majority of both types of fornix
tibres appear to release an excitatory transmitter. as
found n both the septum (McLisNay & Mituer.
1974; DiFrasct, Kitar & SiimoNo. 19734, the nu-
cleus accumbens (DEFRaNCE & YOsHIHARA, 1975) and
the rostral part of the diagonal band nucleus (Hun-
BARD. Mu1s & SRt 1979). In agreement with this.
stimulation of the hippocampus or the subiculum in-
creases the metabolic activity  the nucler innervated
by the fornix fibres (Kuior & Porrrmi 1979),

The identity of the neurotransmitter responsible for
these effects has long remained unknown. However.
we have recently demonstrated that destruction of
hippocampal pyramidal cells or their axons in the
fornix bundle selectively decreased both the high affi-
nity uptake of glutamate and the content of endoge-
nous glutamate n the lateral septum and the nucieus
accumbens. thus indicating that this excitatory amino
acid (CrrTis. 1979 Cormis & Jonnston, 1974) could

Abbreviation GABAL -aminobutyrate

be the transmitter relcased by these fibres (Fonaim &
Waraas. 1978 Waraas & Foxnus, 19794y Similar
results have been obtained by other workers (STorRM-
MaTHISEN & OPSAHL. 1978 Ni1TSCH. Kiv, SHIMaDAa &
OKADA. 1979: Zaczik, Hipriin & Cover. 1979y
Furthermore. release of p-[‘HJaspartate after specific
sumuiation of the hipnocampo septal tibres also sup-
port the view that glutamate is the transmutter in the
latter fibres (MALTHE-SORENSSEN. SKRFDF & FONNUM,
1980).

The present study has extended these observations.
In an effort to identify the putative transmitter of the
fibres in the fornix. the high attinity uptake mechan-
1sms of glutamate and -aminobutsrate (GABA} and
the concentration of several endogenous amine acds
were analysed i some of the other target nucler ot the
fornix bundic. in unoperated rat brains and in brains
with a bilateral fornix transection. The regions ana-
lysed included the anterior part of the nucleus of the
diagonal band. the bed nucleus of the stria terminalis.
the mediobasal hypothalamus and the mammillary
body. as well as the lateral septum and the nucleus
accumbens. Some  preliminary results have been
presented (FONNUM, LUND-KARLSEN. MALTHE-SOR-
INSSEN. SKREDE & War aas, 1979

EXPERIMENTAL PROCEDU RES
Muaterals

L[ 2% ' Hgltamie aad 22 8 Crmmol) was from New
Frngland  Nuclear. Boston, and  {U-"*C] -amimobutyie
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acid (GABA) (224 Ci/mol) was from the Radiochemical
Centre, Amersham, England. Male Wistar rats, 180-210g
body wt, were from Mollergaard, Denmark. Other chemi-
cals were commercially obtained.

Surgical operation

The rats were anaesthetized with diazepam and a mix-
ture of fentanyl citrate and fluanisone (Hypnorm vet.
Mekos: WaLaas & Fonnum, 1980), and placed in a stereo-
tactic frame after KONIG & KLIPPEL (1963). A coronal slit
was made in the skull with a dental drill 6.4 mm in front of
the interaural line, and the fornix bundle was transected
bilaterally with a small scalpel which was lowered 6 mm
from the skull surface and moved 2 mm laterally from the
midline (WaLAAS & FonnuMm, 1979a).

Sample analysis

For uptake studies. the operated animals together with
unoperated controls were decapitated 7 10 days after
lesion, and 0.4-0.6 mm frontal slices were prepared in the
cold room with a Sorvall tissue chopper. The extent of the
lesions were controlled visually, and the regions under
study were dissected with razor blade splints under micro-
scopic guidance (Fig. 1). The sample from the bed nucleus
of the stria terminalis contained both the dorsal and ven-
tral parts of the nucleus and also some tissue from the
anterior commissure-bundle. The mediobasal hypothala-
mus sample, taken between the optic chiasm and the pitui-
tary stalk contained the whole arcuate nucleus. the median
eminence and a medial part of the ventromedial nucleus,
The mammillary body was taken caudal to the ongin of
the pituitary stalk. The samples were homogemzed
(2°, w/¥) in cold 0 32 m sucrose, pH 74, with ten strokes in
glass-Teflon homogenizers. and preincubated 1n buffer
(FonNUM, WaLaAs & Ivirsen, 1977 at 25 € for 10 min
[*H]glutamate (final conc 10 M) and. in some cxpen-
ments. [**C)JGABA (final conc 10 ® M) were added. and
the incubation was stopped after Y min by means of rapid
filtration as descnibed tFosntym. STORM-MaTHISIN &
Divac, 19801 The amounts of labelled glutamate and
GABA accumulated 1in the tissue were analvsed by higuid
santilfation spectrometry in a Packard Tricarh 1380 titted
with an absolute activity analyser set for umultaneous de-
termination of [ *"H] and ['*C U nder the conditions used.
uptake activity was proport onal to amount of tissue
(WaLAAS & Fonst m 197940 The content of protemn in the
homogenates was analysed by the | owry Method (1 owRy,
ROSEBROUGH, FARR & RasDat1, 1951

For amino ucid unalyvas. operated and unlesioned ami-
mals were decapitated. and the brains rapidly remosed and
frzen on a microtome chuck with 4 CO et Time interval
betwecn death and completion of the freesing was usually
! 14 min. Frontal 40 ym sections from the tel- and dien-
cephalon were then cut in a cryostat at 16 C. Ivophilized
and stored as described (Fonst M. StorM-MatHisin &
WALBERG, 1970 The samples were dissected under a
stereomicroscope as indicated in Fig 1, except for the
sample from the bed nucleus of the stria terminahs. which
consisted of the dorsal and posterior parts of the nucleus
only The dissected tissue from one nucleus was pooled
mnto 2 S samples and werghed on a Mettler microbalance
(10 50 ug dry weight per pooled sample) The amino acids
were extracted by homogentzation an 2 8 tnichloroacetic
acid In addition the homogenate was frozen and thawed
once Norleucine or Dt --amimoadipic acid was added as
internal standards Trichloroacetic aod was then extracted

1. WaLaAs and F. FONNUM

with water-saturated diethylether. and the samples were
analysed in an automatic amino acid analyser (Kontron
Liquimat [11) as described (FONNUM er al., 1980).

Comparison between operated and unlesioned animals
was performed with the non-parametric Wilcoxon two-
sample test.

RESULTS

Effect of lesions on high affinity uptake process for
L-glutamate

In unlesioned brains, the capacity for high affinity
uptake L-glutamate was concentrated in the lateral
septum and nucleus accumbens. with lower activity
found in the mammillary body. the bed nucleus of the
stria terminalis. the anterior diagonal band nucleus

A 8600

7200
\
JcA BST /
. L -
. \‘ T o _ -
/7 L; -
i‘ ] A 4900
5 » ¥ e o
BN a3 XTI .
N Qﬁ\ 0p O A 3200
- MB O
A 2
ki, | Schematie drawing of coronal sections from rat

braie. modified after Konio & Kueerr (1963). Outhne of
dissected samples indicated on left wide by hatched regions.
On rnght sde v approuimate outhine of brain nucler
Numbers indwate distance i front of interneural hne in
umn Abbreviations Ac, nucleus accumbens, CA. anterior
commissure. BST. bed nucleus of the stria terminalis: Ar,
nucleus arcuatus, CC, corpus callosum: CP. caudatoputa-
men. b, formix, HI hippocampal formation: MS. medal
septum. LS. fateral septum. OT. olfactory tubercle: TOL.
lateral olfactory tract, TD. diagonal band nucleus, TO.
tractus opticus. VM. nucleus ventromediahs hypothalams,
Mt median eminence, MB. mammullary body, MT, mam-
millothalamic tract. PC, cerebral peduncle
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Glutamate uptake

U noperated bramns
pmole nun
mg protem

Operated briuns
"of unoperated
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Tasir 1 HIGH ATEINTEY AMINO ACID UPTAKE ACTIVITY IN RAT BRAIN NUCUH FOLLOWING FORNIN TRANSECTION

GABA uptake
I noperated brans
nmolje min
mg protein

Operated brains
", of unoperated

Antener duagonal

270 b 9 - 6%7
band nucleus $ARK 49 = oM7)
Nucleus accumbens 438+ 195 NI AEY
1 ateral septum ST . 4360 REEEEA ]
Bed nucleus of the R

A - 32 56 + 9*(]2 372 . S 148
st termunahs R 56 - 9% WIS 96 + 1514)
Mediobasal 1 <

228 - 32N ST« 4%ty 5+ 8 3 5
hy pothalamus Bz il - KA 82 + 1544
Mammllary body 297 .« 395 EREREE AR 291 = 335 90 + 14(5)

Rusults presented as mean = SEA (number of animals cach assayed i tnplicater.

Statstical signihicance. *P o 002,

and the mediobasad hy pothalamus (Table 1), Amino
acid analysis indicated that the content of both gluta-
mate and glutamine was highest in - the nucleus
aceombens and Lateral septum, followed by the dorsal
part of the bed nucleus of the stria terminalis. the
mediobasal hy pothalamus. the mammullary body and
the anterior diagonal band (Table 21 Aspartate was
more evenhy distributed. GABA was highly concen-
trated n the diagonal band nucleus and the lateral
weptune followed by the nucleus accumbens and bed
nucleus of the stria ternunahs, However. these high
vadues might be too tugh as @ resalt of the high activiny
ot the svathetie enzaame glutamate decarboxylase to
be present in these nucler (Tappaz, BROWNSTHIN &
PakOWITz, 19760 Fossus or al L 1977 Fonsum &
WA 19 Conaderable amounts of taurine aad
senne were also found i these regions (Table 21
After brateral forniy transection. the activty of the
togh attimity glutamate uptake decreased by 60 707
m the mammillary body and the lateral septum and
by 0 Sy
patt of the dugonal band nucleus., the bed nucleus of
the stri terminabis and i the mediobasal hypothala-
mus tTable 11 The uptake of GABA which was
assaved simultancousiv with the glutamate uptake in

S the nucleus accumbens, the anteror

some expenments did not decrease significantly in
any of the regions studied.

I ttect of festons on content of endogenous anmino actds

Fhe lesion aiso induced changes in the endogenous
amino aads Glutamate concentration decreased sig-
miticanth an all regions, most heavily in the septum
{407 1 and Jeast pronounced in the diagonal band
¢ 1S Aspartate concentration decreased  signifi-
cantly i the dagonal band and mammillary body.
but not i the septum. hy pothalamus. nucleus accum-
bens and the bed nucleus of stri terminabis (Table 3.
Glutamine and taurine concentrition were signifi-
canthy increased i the bed nucleus of strig terminalis,
but unchanged i the other nucler. Serine and GABA
concentrations  were  unchanged in il regions
(Table Y

DISCUSSION

The results support the use of the high affinuy
uptake mechanism of t-glutamate and analysis of
endogenous amino acid levels as means of the
identifving nerve fibres using L-glutamate or L-aspar-
tate as transmitters (YOUNG. OSTER-GRANITE. HErx-
DON & SNYDER. 1974: Divac, FonstM & STORM-
MartHistN, 19770 LUND-KARLSEN & Fonstm, 1978
Fosstm & Waraas, 1978 Waraas & Fonsnuwm
1979a; Foxxum ef gl 1980). Furthermore, they con-
firm our previous suggestion that glutamate 1s the
main peurotransmitter in the neo-and allo-corticofu-
gal fibres (FoNNUM er al. 1979). Some further points
also deserve comments.

Methodologreal constderations

Our previous studies have demonstrated that the
ammo actd uptake mechanisms present in crude su-
crose homogenates predominantly represents neuro-
nal uptake (review FONNUM ef ol 1979). However. the
uptake mechanism for L-glutamate does not dis-
tinguish between putative glutamate and aspartate-
using fibres (BALCAR & JOHNSTON. 1972: LuwD-
KARLSEN & FoNNtM, 1978 Fonsum et al. 1979,
Selective changes 1n aspartate glutamate levels have.
however, been found in both the neostriatum and tha-
lamic nuclei as well as in the lateral septum and the
nucleus accumbens after denervations (KiM. HASSLER.
Hat & Paik. 19770 LuND-KaARLSEN & Foxsuwm
1978 FONNUM & WaALAAS, 1978 WaLaas & Fonniwm,
1979q: FONNUM ef al.. 19800

In some studies (Waraas & Fonsum, 1979a1,
focused microwave irradiation was used to achieve
rapid termination of possible post-mortem changes
the endogenous amino acid concentrations. However.
in preliminary studies with samples from the bed nu-
cleus of the stria terminals, this fixation method was
found unsuitable for the present study. Instead. it was
deaided to use rapid decapitation followed by frecsing
with a CO.-et for the amine acid analysis. This
method, which allows preparation of freeze-dried
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Glutamate as a trapsmitter in hippocampal etferenis

sections, and thus faclitates the precise dissection of
the samples bossus e al 19700 1977 s not
eapected 1o nfluence greatly the concentration of glu-
sinee the concentration of this amino aad
appeats 1o be relatively stable in the rat brain post
moertemn tBarcose Lesox & Mievirnore. 1976) How-
et I s not possible to ascertiun the GABA concen-
tration reliably with this method. due to the rapid
post-mortem erease mothe level of this amino aad
iBarcost Lison & MivirHore, 1975 Van Dir Hey-
v D Kot Kore & VirsTrea, 197945 The GABA
levels reported in the present work are therefore prob-
ably hugher than the amount of GABA present in the
tssue in rive (Barcom et gl 19750 Fonnum &
Waraas, 1978 Waraas & Foxzum, 19780 1979q).
However, as all briuns were treated similarhy, com-
parson between the GABA concentrations in corre-
sponding regions from unoperated and lesioned ant-
mals v probabhy permmssible. The lack of significant
hanges i GABA level agrees with the lack of effect
o the GABA uptake

tamate

Fdentiny of the teansention i the formx fibres

The nucler analysed in the present study all seem o
recenve exaitatory allocortical fibres through the for-
iy and or fornix superior. as judged from anatomical
and physiofogical studies (Rassias, Cowax & Pow-
P 19660 Swanson & Cowane 1977 MrmmacH &
SHGUE YT ANDERSEN of al 19730 McLENNAN &
Mittir, 19740 flussakp o af 19795 Furthermore.
the nucler display @ sery high concentration of gluta-
mate. whereas aspartate did not correspond to more
than 22 337 of the glutamate concentration. It s
theretore important that the only consistent and sig-
nificant neurochemical change in all these nucler after
asotomy of the formv fibres was o considerable de-
crease in both the high atimity uptake of glutamate
and in the tssue conventration of glutamate. In the
diagenal band nucleus and it the mammuiiary body a
sl decrease i the leved ol aspartate was also seen.
The other amimo acids, mcluding GABAL and the
GABN aptake activity did not decrease sigruficantly
atter this deston i any region.

Thus, slutamate s the only amino aad transmitter
candidate consistently associated with these corticofu-
gal hhres, We therefore suggest that the majonty of
these altocortical efferents use this amine acd as
tansmutter. Minor contingents of aspartate  fibres
might also termumate in the diagonal band or the
mammilary bady However. the vers small absolute
decrease maspartate levels after lesions compared to
the decrease m glutamate Jevels indicates that the
number of putative aspartate fibres probably s very
small Alternatinels, the decrease o aspartate fevels
mirht be an unspeaitic effect following the glutamate
denervation

Posshle functional implications

These conclustons extend previous studes on the
input o the septum. the nucleus accumbens and the

16us

mammitlary body (FONNUM & WASAAS, 197, STORM-
Matniskny & Opsanl. 19780 NITSCH of wf. 1979
Waraas & FONNUM, 1979a: ZACZEK el ul.. 19790 and
some aspects of these glutamate projections have been
discussed  previously (Waraas. 1980a.h. MAaLTHI-
SORENSSEN. ODDEN & WaLaas, 19800 In contrast. the
identitication of glutamate fibres to the antenior diag-
onal band nucleu., the bed nucleus of the stria
terminalis 2v ' :*.. mediobasal hypothalamus deserves
SOMeE COmt.. i

The nucicus o; the diagonal bund. This conains a
dense  collection  of  acetylcholinesterase-positive
neurons (Jacosowlitz & PaLkowirz. 19745, which
project to the fromtal cortex. septum and hippo-
campus (Divac. 1975: MALTHE-SORENSSEN  ef al.
1980). The present study indicates that this nucleus
might receive glutamate fibres from the hippocampal
formation. However, these fibres apparently terminate
only in the rostral part of the diagonal band nucleus.
as the glutamate uptake in samples from more caudal
parts of the nucleus was unchanged after formix lesion
(results not shown). Thus these results are in agree-
memt with electrophysiological nvestigations 1in the
cat brain, which have shown that excitatory fornix
fibres terminate 1n the anterior but not the posterior
diagonal band nucleus (HUBBARD et ul.. 1979). The
identity of the diagonal band neurons receiving this
glutamate input 1s uncertain. However. destruction of
hippocampal and subicular neurons  changes  the
acetylcholine level and choline uptake. hut not the
activity of chohne acetyltransferase in the hippo-
campus (SCHWARCZ, ZACZFK & COYLE. 197K ZaCzEK
et al.. 1979). This may be explained by an excitatory
input from the hippocampus regulating the activity of
cholinergic cell bodies projecting to the hippocampus.
These cells originate mainly in the nucleus of the
diagonal band (SHuTe & Liwis. 1967. MaLthe-
SorpNsstN ef al. 1980). It is therefore tempting to
suggest that some of the glutamate fibres reported in
the present study may be responsible for regulation of
the chohinergic cell bodies.

The bed nuclews of the stria rtermmahs. The results
on this nucleus expand the aiready  considerable
number of transmitter candidates present tn this nu-
cleus. Previous work has demonstrated high concen-
trattons of GABA and high acuvity of glutamate
decarbovylase in this nucleus (BiNn-ARrL Kanazawa
& Z1GMOND. 1976 Wal aas & Fosnus. 19791 and
some of these GABA-contaming hbres appear 10
arrive through the stna terminalis (LeGar LaSatie,
PAxiNOS, FuvsoN & Bin-ARri 1978). Due to the prox-
tmity of the fimbria formiv and the stna terminahs. we
found 1t difficult selectively 10 lesion one of these
bundles without affecting the other {(Wat aas & Fox-
NUM, 19794) Howeser, no evidence for a destroved
GABA input. e, a lestoned stria terminalis, was
found 1n any of the animals used 10 the - esent study.
as measured by GABA content and GABA uptake. In
contrast, the glutamate content and uptake decreased
significantly 1n all ammals. Most of the glutamate

e Bl S e e TSR ORI . - '
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fibres reaching the bed nucleus therefore appear to
travel in the fornix. However. it cannot be excluded
that some glutamate fibres also could arrive through
the stria terminalis.

The hypothalamus. Most of the allocortical tibres
from the hippocampal formation to the hypothala-
mus, which travel in the medial corticohypothalamic
tracts, pass rostrocaudally through the hypothalamus
between the arcuate and ventromedial nuclei (Swax-
sON & CowaN, 1977. MeBAcH & SiEGAL, 1977).
Neurons in this part of the mediobasal hypothalamus
are sensitive to glutamate-application (GELLER. 1976)
and newly synthesized glutamate is released from this
region in vivo (MEEKER & MyERs, 1979). The neurons
in the arcuate nucleus are very sensitive to the neuro-
toxic effects of the parenteral administration of gluta-
mate (OLNEY. 1979: WarLaas & Fonnuey, 1978). and
destruction of these neurons leads to gross endocrino-
logical abnormalities (OLNEY. 1979 REDDING.
SCHALLY, ARIMURA & WAKOBOYASHi. 1971: NaGa-
sawa, Yanal & Kikuyama. 1974). Also, application of
non-toxic doses of glutamate or glutamate-analogs 10
the mediobasal hypothalamus leads to rapid changes
in the release pattern of the pituitary gland (O1 N1y,
1979). Thus, glutamate-neurotransmission may be im-
portant in hypothalamic function. The present results

1. Waraas and F. FonNt v

demonstrating selective decreases in both the gluta-
mate uptake and content after transection of the for-
nix fibres to the hypothalumus indicate that these
fibres provide a major part of the glutamate nner-
vation 1n the mediobasal hypothalamus. They may
thus be important in the expression of endocrine func-
tions initated in the hippocampal formation (A7Mmi1ia
& CoNrab, 1976 KN1GGE & Haves, 1963 Virasco
& TALEISNIK. 1969).

Conclusions

The present study indicates that the fornix bundle
in the rat biamn distributes massive projections of
putative glutamate-contaming fibres to the septum,
the basal telencephalon and the basal hy pothalamus
O few aspartate-contaming fibres may also enter the
anterior diagonal band nucleus and the mammiilary
body. These results thus expand the already consider-
able list of corticofugal fibres which probably use an
acidic amino acid as neurotransmitter (FONNUM o7 ol
1979 Wt aas. 1980h).

Achnowledgements . We thank Liv Froasses and BEvy [vig-
s for technical assistance. and P ) Karises for prep-
aration of fitures
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SUMMARY

The localization of cholinergic, aminergic and amino acid-ergic neurones in the
mediobasal hypothalamus has been studied in normal rat brain and in brains where
neurones in nucleus arcuatus were destroyed by repeated administration of 2 mg;g
body weight monosodium glutamate to newborn animals. In normal animals acetyl-
cholinesterase staining, choline acetyltransferase and aromatic L-amino acid decar-
boxylase were concentrated in the median eminence and the arcuate nucleus.
Glutamate decarboxylase was concentrated at the boundary between the ventromedial
and the arcuate nuclei, with lower activity in the arcuate nucleus and very low activity
in the median eminence. Nucleus arcuatus contained an intermediate level of high
affinity glutamate uptake.

In the lesioned animals, there were significant decreases in choline acetyltransfer-
ase, acetylcholinesterase staining and glutamate decarboxylase in the median emi-
nence. whereas choline acetyltransferase activity and acetylcholinesterase staining, but
not glutamate decarboxylase activity. were decreased in nucleus arcuatus. Aromatic L-
amino acid decarboxylase was unchanged in all regions studied. The high affinity
uptakes of glutamate, dopamine and noradrenaline, and the endogenous amino acid
levels were also unchanged in the treated animals.

The results indicate the existence of acetylcholine- and GABA-containing ele-
ments in the tuberoinfundibular tract. They further indicate that the dopamine cellsin
the arcuate nucleus are less sensitive to the toxic effect of glutamate than other cell
types. possibly because they contain less glutamate receptors.

INTRODUCTION

The systemic administration of high doses of monosodium glutamate to
newborn animals leads to neuronal necrosis in several brain regions, most consistently
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in the nucleus arcuatus of the mediobasal hypothalamus.26.32 In this nucleus, which
through its connections to the median eminence®™ constitutes an important neuro-
endocrine center. 80 90°, of the local neurones are destroyed after administration of 2
mg/g body weight of glutamate (GLU)??. In contrast, glial cells and axons passing
through the nucleus are left intact, and the neighbouring ventromedial nucleus is
completely unaffected*’. The GLU-induced lesion is thus of remarkable selectivity,
and seems well suited for studies of the anatomical and neurochemical organization of
connections in mediobasal hypothalamus.

The aim of the present investigation was to utilize the toxic effect of GLU as a
tool for studying the localization of putative neurotransmitters in mediobasal hypo-
thalamus. Choline acetyltransferase (ChAT, E.C. 2.3.1.6). glutamate decarboxylase
(GAD. E.C. 4.1.1.15) and aromatic L-amino acid decarboxylase (AAD, E.C.
4.1.1.26) were studied in microdissected freesze-dried sections from rat hypo-
thalamus. Acetylcholinesterase (AChE, E.C. 3 1.1.7) was examined by histo-
chemical staining. The relative abundance of noradrenaline (NA) and dopamine
(DA) fibres in the arcuate nucleus and median eminence was estimated by measuring
the high atlinity uptake of these amines. Finafly. the [ocalization of putative amino
acid transmitters was investigated by measuring the high affinity uptake of GLU and
by amino acid analysis. Part of this work has been presented in a preliminary form?0.

MATERIALS AND METHODS

[1-13CJacety-CoA, dansyl-(dimethyl-[*H Jamino)-chloride, 1-[FH Jglutamic acid.
L-[7.8-3H]noradrenaline and 3.4-[ethyl-2-3H]dopamine were obtained from New
England Nuclear, Boston. 1-{VClglutamic acid. br-3 4-dihydroxy-[2-1C]phenylala-
nine and Y'C-labelled amino acids were from the Radiochemical Centre, Amersham.
Sodium 1-glutamic acid and unlabelled dansylated amino acids were from Sigma
Chemicals, St. Louis. Polyamide plates (F 1700) were from Schleicher and Schiill, D-
2433 Dassel. Nialamide hydrochloride was a gift from Plizer, benztropine was a gift
from Merck. Sharp and Dohme. desmethyl-imipramine was a gift from Ciba-Geigy,
and ethopropazine was from Pharma Rhodia. Methylisocyclopentylfluorophosphate
(soman) was synthesized in our laboratory. White Wistar rats were obtained from
Dyrlaege Mollergaard-Hanssens Avlslaboratorium, Denmark, and allowed to breed
in our animals quarters.

Tissue preparation

Monosodium glutamate was dissolved in distilled water and the solution
neutralized to pH 7.2, Newborn rats of both sexes were given daily subcutaneous
injections of 2 mg g body weight during their first week of life. The animals were fed
normal lab chow and water ad lib. and housed together with uninjected littermates,
which were used as controls.-The animals were sacriticed at 6 9 weeks of age. For
enzyme studies, the animals were decapitated. the brain rupidly but carefully dissected
out, placed on a microtome chuck and frozen with a CO. jet. Serial transverse sections
(40 gzm) from hypothalamus were cutin a cryostat at - 18 C, freeze-dried and stored
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Fig. 1. A cellsstained 40 g section from mediobasal hypothalamus of normal rat. Dissection of
freese-dried samples is indicated on the left part of tigure, 1, median eminence: i, nucleus arcuatus:
L, lateral arcuate’: TV, nucleus ventromedialis: V| nucleus dorsomedialis. B section from GLU-
treated rat, demonstrating heavy cell loss in the arcuate nucleus. Dissected samplesasin A, 285 May
Griinwald Giemsa stain.

as previously described®”. For histological staining, 20 40 yrm sections were collected
on microscopic slides and allowed 1o dry a1 room temperature. For amino acid
analysis. the animals were sacrificed by exposing their heads 1o a beam of focussed
microwave radiation in a Litton 70 50 oven for 3 sec to rapidly inactivate allenzymes
and avoid postmortem artifact<'s. The heads were then rapidiy cooled on ice and the
brain carefully taken out. By this procedure, it proved impossible to preserve the
median eminence. but microscopic inspection of transverse slices demonstrated the
arcuate and ventromedial nuclei to be intact.

[iissection

The freeze-dried sections were compared to corresponding cell-stained sections
under o stercomicrascope. and the different regions were identified after the atlas
of Komg and Khppel2' The regions taken out for analysis included the median
cminence. the nucleus arcuatus, the boundary between the arcuate and the ventro-
medial nuclei (named “lateral arcuate’). the ventromedial nucleus and the dorsomedial
nucleus (Fig. 1), The samples (0.1 2 pg dry weight) were weighed on a fish-pole quarts
tiber balanee?” and assayed direetly for enzyme activities.

For uptake studies. the brains were placed with the ventral surface up. and the
median eminence was dissected with razor blades iind small forceps under a sterco-
microscope in the cold room according to Cuello et al® In addition to median

PN
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Fig. 2. Cell-stained sections from normal and GLU-treated animal, demonstrating the selective neu-
ronal loss and shrinkage of the arcuate nucleus (ar). Me, median eminence. - 75, May Grinwald
Giemsa stain.

eminence this sample contained most of the arcuate nucleus and the proximal stalk
eminence. Samples were pooled and kept on ice until homogenization.

For amino acid analysis, the hypothalami of the cooled brains were frontally
sliced with two razor blades, one at the level of the entrance of the optic tract into the
brain and the other at the level of the stalk median eminence. From this slice, a
triangular sample (Fig. [) containing the arcuate nucleus and the medial part of the
ventromedial nucleus was taken.

Histological preparation

The air-dried sections were stained with a routine May Griinwald/Giemsa
method for cell staining, or for AChE by the thiocholine method as previously
described®2. AChE sections were incubated for 6-24 h, routinely using ethopropazine
(10 1 Af)as pseudocholinesterase inhibitor>'. The staining was compared with sections
from animals which had been pretreated with a lethal dose (0.2 ug/g body weight) of
soman and killed 15 min after injection, thus inhibiting alf cholinesterase.

Biochemical methods

ChAT was assayed by a previously described micromethod'2. GAD was assayed
by a CO:-trapping method as described by Henke and Fonnum!? with a final
concentration of 20 mAf GLU, using Triton X-100 to ensure penetration of substrate
and to minimize non-GAD-released CO:%'. AAD was assayed as previously de-
scribed!, with final concentration of 0.3 mAM L-DOPA. Protein was determined as
described by Lowry et al.2f with bovine serum albumin as standard.
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For high affinity uptake, the pooled samples were homogenized in 40 ul1 0.32 M
sucrose at 800 rev/min in a glass-Teflon microhomogenizer. For catecholamine
uptake, homogenate containing 30-40 ug protein was added to 0.5 ml Tris-buffered
medium which contained 10-% M ascorbic acid and 12.5 M nialamide hydrochloride.
Benztropine (10-¢ M) followed by [SH]NA (10-7 M), or desmethylimipramine (10-¢
M) followed by [BH]DA (10-7 M) were added, the uptake performed at 37 °C for §
min, and terminated by Millipore filtration as previously described!3. Benztropine
and desmethylimipramine inhibited DA or NA uptake, respectivelys. The GLU
uptake was performed with 10~7 M GLU at 25 °C for 3 min in the same manner.

The amino acids were analysed by the dansylchloride method with 13C-labelled
amino acids as internal standards, as described in detail by Lund-Karlsen and Fon-
num?®, The dansylated amino acids were dissolved in acetone-acetic acid (3:2) before
scintillation counting. Comparison between biochemical results was performed
with the Wilcoxon two-sample test.

RESULTS

Previous histological examinations of the arcuate nucleus after GLU administra-
tion have shown that the lesion is characterized by neurones undergoing necrosis and
phagocytosis, followed by gliosis within the first 48 h3.26.35 Our cell-stained sections
from 7-week-old animals seem to indicate that most neuronal perikarya have
disappeared irreversibly from the arcuate nucleus, while the remaining cells seem to be
characterized by small nuclei and lack of Nissl substance. They thus probably
represent glial cells (Fig. 2). The study of the cell-stained sections led us to make full
use of our dissection technique which, in contrast to the ‘punching’ technique??, allows
complete sampling of regions with irregular outline. The distribution studies were
performed on the median eminence, the triangular nucleus arcuatus, the almost
perikarya-free region separating the arcuate and the ventromedial nuclei, and samples
from the ventromedial and the dorsomedial nuclei (Fig. 1).

In normal animals, both ChAT and AAD showed low activities in the ventro-
medial nucleus, with higher levels in the arcuate samples and the median eminence
(Table 1). The highest activity of GAD was found in the region between the arcuate
and the ventromedial nuclei and in the dorsomedial nucleus. The activity in the
arcuate nucleus was intermediate, and the median eminence displayed low activity.
The dorsomedial nucleus exhibited intermediate ChAT and AAD activity (Table I).

In the lesioned animals the levels of enzyme activities in the dorsomedial and
ventromedial nuclei were unchanged. AAD was also found to be unchanged in the
lateral arcuate, the arcuate nucleus proper and the median eminence. GAD was
unchanged in the lateral arcuate and the arcuate nucleus, but a 50% decrease in
activity was found in the median eminence. ChAT was significantly decreased in all 3
areas, but most pronounced in the arcuate nucleus and the median eminence (Table I).

AChE staining of sections from normal animals demonstrated that the vertro-
medial nucleus was almost devoid of staining product. The arcuate nucleus, however,
did exhibit intermediate staining, in agreement with the distribution of ChAT. The
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TABLE |1

The effect of GL U-administration on the high affinity uptake of transmitter candidates in median eminence~
nucleus arcuatus

Values presented as mean + S.E. (number of experiments).

Normal brain GLU-treated brain
 nmole/min(g protein) ( per cent of normal)
GLU 26.2 + 2.8 (6) 93+ 10(M
DA 0.72 4 0.09 (8) 113 + 24 (6)
NA 0.29 + 0.02 (8) 109 + 6(6)

TABLE |11
The effect of GLU administration on endogenous amino acids in nucleus arcuatus-ventromedialis

Values presented as mean + S.E.

Normal brain (n = 6) GLU-treated brain (n 9)
{ pumolejg protein) { per cent of normual )

ASP 35+3 91 +9

GLU (05 + 8 103 + 8

GLY 26 + 2 86 + 13

ALA 12 + 1 116 + 17

GABA 41 1+ 3 87+ 6

GLN 87 + 7 80 + 6

TAU 5ST+5 123 4- 15

median eminence was found to exhibit staining in the lateral, external regions,
particularly in the caudal part (Fig. 3). This staining was most clearly demonstrated
after long incubation time, e.g. 24 h, whereas the staining of perikarya in the arcuate
nucleus was optimal after shorter incubation. After preparation of sections from
animals treated with a fethal dose of soman, the staining was absent in both regions. In
the GLU-injected animals the AChE staining intensity was reduced in the arcuate
nucleus and median eminence, but unchanged in the other parts of the hypothalamus.

The other biochemical parameters were investigated on homogenates obtained
by dissection of wet tissue samples. The high affinity uptake of GLU in the median
eminence-arcuate sample was found to be of intermediate activity, being approxi-
mately 3077 of that in neostriatum, which is one of the regions with the highest GLU
uptake, but twice as high as the uptake in more lateral samples, and 4 times as high as
the uptake in globus pallidus (data not shown). The GLU uptake was found to be
unchanged in samples from lesioned animals (Table 11). The high affinity uptake of
catecholamines demonstrated that DA at 10-7 M was the most active rubstrate in
agreement with a previous report®. The uptake activities of both DA and NA were also
unchanged in the median eminence-arcuate sample from lesioned animals (Table 11).

Analysis of endogenous amino acids in an arcuate-ventromedial sample demon-
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strated considerable concentration of GLU. aspartic acid (ASP) and y-aminobutyric
acid (GABA) (Table 11D. In the lesioned animals no signiticant changes were detected
(Table HI).

DISCUSSION

Several approaches have been used for the study of hypothalamic neuro-
transmitters, both histochemical (for review see ref. 37), und microdissection com-
bined with microcheinical assays (for review see ref. 21, In the present investigation we
have taken advantage of the selective lesion of local neurones in the nucleus arcuatus
atter GLU administration to newborn animals to study the origin and distribution of
neurotransmitters in this region. As GLU administration to newborn or adult animals
his been reported to have interesting endocrinological consequences3.38.11.35.38 ¢yeh
studies would presumably also throw some light on the neurochemical basis of these
phenomena,

The small dimensions of the mediobasal hypothalamus necessitate very precise
dissection procedures for such studies. Initially we analvzed the enzyme activities in
the median eminence in samples from fresh tissue dissected as described by Cuello et
als. However, in these studies (results not shown) we did not find the same relative
vilues and the same decreases i activity as we later found using microdissection on
trecze-dried sections. This is probably due 1o contamination of the median eminence
with neighbouring structures also containing the enzymes in question, and indicates
that such samples are not suitable for detailed studies on the median eminence proper
(see also ref. 7). The microdissection on freeze-dried samples allowed us to avoid such
contamination. In addition. it enabled us to dissect samples of widely ditferent outlines
and weights from thin sections compared to sections used in punching®. The uptake
studies. however, had to be performed on a combined median eminence arcuate
sumple. and the amine acid analysis on an arcuate ventromedial sample.

The involvement of acetylcholine in neuroendocrine hypothalamic function has
been suspected on pharmacological and physiological grounds'>-2%. Our results
demonstrate that the specific cholinergic marker ChAT! displays an intermediate
activity in the dorsomedial nucleus, a low activity in the ventromedial nucleus, and
high activity in the arcuate nucleus and median eminence. Compared to previously
published results®. we find a relatively higher activity in the arcuate nucleus. which is
probably due to a more suitable dissection procedure as discussed above. In the
lesioned animals, the arcuate nucleus and the median eminence displayed & 709,
decrease in ChAT activity. while the activity in the other regions was unchanged. A~
the rat median eminence is almost devoid of nerve cefls??, this indicates the existence of
a cholinergic fiber tract originating in the arcuate nucleus and terminating in the
median eminence. in agreement with the independent investigation of Carson ¢t al %,

* The weight of our freeze-dricd median enunence samples indicates a total wet weirght of 70 90 oy
ol the mediin emunence, in agreement with Chiocchio et al. .
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The remaining ChAT activity in the arcuate nucleus could represent minor projections
from other areas, as suggested from knife lesions by Brownstein et al.4.

Our results with AChE staining would also support the concept of a cholinergic
tuberoinfundibular tract. In sections from normal animals we found staining in the
external lateral part of the median eminence, i.e. the same region which displays most
intense staining for DA and for hypothalamic releasing factors'®. Both the median
eminence and nucleus arcuatus displayed considerably less intense staining in the
lesioned animals, indicating that this staining represents a visualization of tubero-
infundibular fibres. In contrast, other workers!?:43 have failed to find AChE staining
in the median eminence. Qur conditions, by using thick sections from frozen tissue,
avoiding prefixation, and using long incubation periods, would seem to favour
staining of AChE. The conditions which lead to staining of median eminence are,
however, at the expence of high resolution. From the effect of the cholinesterase
inhibitors ethopropazine and soman we conclude that the staining observed does
indicate the presence of ‘true’ AChE in the median eminence of the rat.

The distribution of the GABA-marker GAD!! reported here is an extension of
the results recently reported by others5. We here demonstrate that the highest activity
of GAD in the mediobasal hypothalamus is located not in any of the nuclei, but in the
region between the arcuate nucieus and the medial part of the ventromedial nucleus,
with less activity in the arcuate nucleus proper. The median eminence displays much
lower activity. Previous investigators have proposed that GABA may not be impor-
tant in median eminence function?2.55, However, our results demonstrate that in the
lesioned animals a decrease of 50 % in GAD activity occurred in the median eminence,
while the rest of the hypothalamus had unchanged activities. This could be due either
to destruction of a GABAergic fiber tract terminating in the median eminence or the
destruction of intrinsic GABAergic neurones in the median eminence. However, such
intrinsic cells are reported to be very scarce?3, and we therefore think it is most
likely that our results indicate the existence of a GABAergic tuberoinfundibular tract,
which originates in the arcuate nucleus. This tract could possibly represent the
anatomical basis for the endocrinological effects of GABA20.3%.40, The small and
insignificant changes in GAD activity found in the arcuate nuclei of the lesioned
animals probably mean that most of the GAD activity in this nucleus is concentrated
in afferent terminals, and only a small proportion is located in local nerve cells. This is
in agreement with the results of other studies, which demonstrate that a major part of
GAD disappears in the arcuate nucleus but not in the median eminence after
deafferentiation of the mediobasal hypothalamus?.

The well-known DA-containing tuberoinfundibular tract, originating in the Ao
cell group in the arcuate nucleus38, was also studied. AAD is found in both DA-, NA.
and indoleamine-containing cells, in addition to being localized in capillaries and
possibly glial cells21.25, However, the relative values of AAD reported in this study are
in good agreement with the corresponding values of tyrosine hydroxylase8.4%, which
in these regions is acknowledged as being a selective marker for DA elements?. We
also analyzed the high affinity uptake of DA and NA in median eminence-arcuate
samples in order to detect any loss of DA structures!?, However, our results indicate
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that the DA innervation of the arcuate nucleus and median eminence has not been
signilicantly destroyed in the lesioned animals. Amine fluorescence in the arcuate
nucleus has been shown to disappear after acute injection of the GLU analogue kainic
acid3% 1o adult animals3? or after repeated injections of very high doses (4 mg. g body
wt) of GLU to newborn animals3!. Qur results indicate thot these DA cells, despite
this apparent GLU sensitivity, are more resistant to the neurotoxic effect of GLU than
other types of cells in the arcuate nucleus. This is in agreement with results from other
regions in brain and in retina9.%9,

Except for GABA, the amino acid transmitter candidates have received rela-
tively scant attention in the hypothalamus. The preferential release of GABA, GLU
and ASP from hypothalamic synaptosomes has been demonstrated 19, and it has also
been shown that both systemic and intraventricular application of GLU hasendocrine
effects#8-11 This endocrine action of GLU is probably located in the arcuate nucleus.
as this is the only hypothalamic region where GLU is accumulated following systemic
administration®, Our results on the high affinity uptake of GLU seem to indicate that
this amino acid could be a transmitter in the median eminence-arcuate complex?-53,
The results do however indicate that the ‘glutamatergic™ terminals have survived the
accumulation of GLU in the arcuate nucleus, and argue against a major population of
intrinsic glutamatergic cell bodies in this region. Alternatively, the glutamatergic cell
bodies could be resistant to GLU accumulation. The levels of endogenous amino acids
in the arcuate nucleus and medial part of the ventromedial nucleus did not show any
decrease in the lesioned animals, also arguing against a major population of ‘amino
acid-ergic’ cells being destroyed by the GLU lesion.

In conclusion, this study extends and confirms previous findings on the
localization of neurotransmitters in mediobasal hypothalamus based on knife lesions
and punching technique®-148.51.95 We suggest that the tuberoinfundibular tract, in
addition to the previously described peptidergic and aminergic elements, contains
cholinergic and GABAergic fibres. These are destroyed by GLU administration, and
therefore probably originate in nucleus arcuatus. This destruction could be a part of
the neurochemical basis for the endocrine dysfunction in the GLU-treated animals.
Also. we find that the DA cells in this region are resistant to 2 mg;g body weight of
GLU. They therefore probably do not contain a high number of GLU receptors.
Finally, a relatively high concentration of "glutamatergic’ terminals was found in the
arcuate region, which is probably not due to intrinsic neurones.
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The Effects of Kainic Acid Injections on Guanylate
Cyclase Activity in the Rat Caudatoputamen,
Nucleus Accumbens and Septum

Ivar Walaas
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Abstract: The acuvity of soluble and parbeulite puanylate ¢yclase (EC

4.6.12) has been compared with the distiibution of ncurotiansmintter candi-

dates i thiee tat forebram nucter. and the ettects o Jocal hanic aad injections

inte these nucler hine been tested  Soluble guanviate cvclase was highly i
concenttdated v both the caudatoputamen and the nacleus accumbens, with :
lower activay found i the septum. Thiv distiibunon comarded with markers
for acelylchobine and monoanmines. but not with matkers for y-aminobuty rate
(G ABAY o1 ghinamate neurons. In contrast, particulate guany late cvclase was
cquadly active moald regions. Local mections of kamie aad. which destroyed
chohmergie snd GABA newrons in the caudatoputamen and in the nucleus
avcamboens, caused qraprd (700 9070y decrease in the soluble guany fate cvelase
and a slower S0 o full in the particulate guanylate cyclase in these nucler.
In the septum. where khamate destroved GABA cells but not chohnergic
neatons, the guany late cvoliase activity was unchanged after the lesion. Thus.
both the soluble and particulite guany late ¢y clases appear 10 be concentrated
i ocal neuransan the caudatoputamen and nucleus accumbens. In the septum.
howeser. most ot the guamylate cyclase activaty 1s located outside hainate-
sensibine neutons Key Words: Cyvehie GMP -Neurons -Gl —Forebram
nucler YWalaas 1. The effects of hainwe aad injections on guanylate cyclase
activity an the rat candatoputamen. ntcleus accumbens und septum. J
Newrochom 36, 233 241 (1981,

Guanylate ¢yclase (EC 4.6.1.2). the cnzyme
synthesizing guanosime 3 .8 -monophosphate (cy-
clic GMP) (Hardman and Sutherland, 1969). is pres-
ent in bron in both soluble and particulate forms
Nuakuzawa and Sano, 1974 Kimura and Murad.
1975, Deguchi et al., 1976: Troyer and Ferrendelh.
1976 Troyer et al.. 1978). The physiological func-
tions these enzymes possibly have in the brain are
largely unknown (Ferrendelli, 1978. Greengard,
1978). but a “second messenger’ role has been sug-
gested for oyvelic GMP in mediating neurotransmis-
sion due to acetylcholine (ACh) (Lee et al.. 1972;
Stone and Taylor, 1977; Hanley and Iversen. 1978
Woody et al.. 1978) and glutamate (Mao et al., 1974;
Biggio et al., 1978). It was therefore deemed of
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233

interest to compare in detail the topographical and
celular distribution of the soluble and particulate
guanylate cyclases in the caudatoputamen, nucleus
accumbens and the septum, brain regions with rela-
tively well-defined glutamate and ACh neuronal
systems (Fonnum and Walaas. 1978; 1979: Walaas
and Fonnum, 1979). For this purpose. the kainic
acid lesioning technique has been used to distin-
guish between local nerve celils and glial cells (Hat-
tori and McGeer, 1977 Schwarcz and Coyle. 1977
Cayle et al., 1978. Fonnum and Walaas. 1978
Malthe-Sorenssen et al.. 1980), and biochemical
markers for putative ACh, y-aminobutyrale
(GABA), monoamine and glutamate nerve termi-
nals and glial membranes have been analysed to-

Abbreviations used: AAD. Aromatic t-amune acid
decarborylase, ACh, Acetyichohne, ChAT. Chohne acetyl-
transferase. GABA. y Aminobutyne acid. GAD, 1 -Glutamate
decatbonylase
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gether with the soluble and particulate guanyviate
oyelase activities,

Initial results trom the caudatoputamenandicated
a decrease in guany late oyvelase after kamnate le-
sians. and thus a newronal focalization of the en:
syme. However, a simultancous report prescated
evidence suggesting that Kainate-induced neuronal
necrosis increased the guany late ey clase activity in
rat candatoputamen homogenates Chormhammar et
al.. 1979). The present study has therefore also
v estigated some charactenstics of the enzyme and
contirmed that the radiochemical product formed in
the present assay method s cyclic GMP.

Some preliminuary results have been presented in
abstiact form (Walaas, 1979).

MATERIALS AND METHODS

Male Wastar rats (180 200 ¢ body weighty were ob
toncd om Mollergaard. Denmarh. Jo PP GEP was ob
tomed trom New Pagland Nuoclear. Boston, M
sachusetts, and The Radiochemical Centre. Amersham,
UK % Hlcvehe GMP, (R CHIST GMP o and (L
SO tatamie aud were trom The Radiochenncal Centie,
Amcisham. UK KS - Haovehe GMPO RS CHiG TP,
O HISANMP ) 28 Hoglatanie acad, nr 12220C by
drovvphemvialamine and v 0 acetv C oA weire trom
New Fngland Nuclear Guanmimne and adonime nucleotides
tsodium sahisa, Vasobuty 3 methy Ivanthane . Kamie acad
ot 1170 0034 gnd 3.5 cvihic nuddeotide phosphodie
crtetase (FC 3 14 17 from beet heart were from Sigma
Chemical Co oSt L oms, Missoun Dosey SOW - 3 (H-
torm. 2000 300 meshy and Dovwen 1 2 ¢CV torm
2000 300 meshy were from Fluha AG. Buchs, neatral
alumma tgrade 1y was trom Woelm. bFschwege, and
polvicthvlemminey cellutose B DO Fertigplatten (Ant
S728) were from Merch. Darmstadt, West Germany
Other chemicals were commercnathy obtaned Chiomatoe
graphic columns (0 S 10 cmy were trom Bio Rad
(Calitoenia

Pisswue Preparation

I he anmimads were anaesthetised wath fentamd aitrate and
luanisone (Hypnorm vet. Mehos 0 T mls coand Vahum
tRoche 0.7Smgy po Then 1onmoi b aod dissolved
in bl B0 ms sodiom phosphate better, pH T3 was
witusedanto the cardatoputamen gt coondimates A 7900 |
2 oand DV - F00 (Komg and Klppel 19630100 Ymm <
nmol hagnate in 4 S 41 buffer was mnfuscd into the nucleus
accumbens ot A 93000 1 1200 and DV 10 as descnibed
by Walaas and Fonnum (19791 and 10 nmol hainate in 0.4
i buffer wasinfused into the septirm at A 72000 1. 600 und
DV - 1000 for 2 ann (Malthe Serenssen et al.. 1980 The
needle was deftin position for § nun before withdrawat to
present leakage. The ammals wese decapitated at the in
dicated survival times, and 0.6 0.8 mm frontal bran
shees were piepared with a tissue chopper at 4 C. The
caudatoputamen was dissected between approvimate
levels A 9600 and A 6500, the nucleus accumbens was
tahen antenor to A 8300, and the septum was taken be
tween A R600 and A 6900 (Konig and Khppel, 1963 under
microscopic gindance. The septal sample contained both

J Newrovhem Vol 36 No 1 )vR}

the modiad and Lateral soptal pucicr. bat avended the no
Jeus ot the diavenal band. For uptake studies. the sam
ples werde homogensed i cobd @32 arsucrose € my
Lo HOL pH 73270 0w vaosath 10 stiokes m glass-Tetlon
hamogenisers at 850 rpome. kept onace and analysed tor
uptakhe activity waithin 30 pun For anahvsis of enzvmie
activities, the samples were homogemised in 20 vol of cold
3 ma-Tris- HOL pH 7 oSand placed onice The ‘muaher
enzymes were anabvsed atter addimon of 020 Toton
X100 fw V)

Guanylate oy clase was studied attee addimon of dithio-
threitol (final concentration £ ma 1o the Tas buttered
homogenates. Suboclludar fracnonation ot ahguots fraom
the Tatter samples was ettedted by centntugation at 4
tor 30 min ut 48000 g, which has been foand 1o completehy
sepatate the soluble and patticulate guanylate cyvclasesan
bram e lrover el 1978) The supernatants «.e. soluble
tractions) were collected once while the pellets were
washed i tho!l contamimg bufter. recentnfuged and
suspended e then viginal volume of cold 30 mseTrs
HOL S ms ditbiotheentol, pH o7 S0 by means of glass
I ctlen bomogonesers Some preparations were then oy
tacted swath 1 Titon X100 (v vy a3 0 for 60 nun
botore analvsis tDartham 19760

Biochamucal Mathads

Protem swas analvsed by the method of Towgy et sl
(1950 with bovine serum albumin as standard Blanks
contwning dithiothrentol were mcluded. to correct for
inteifetence by the thiel reagent where necessary bPre
vioush descrtbed methods were used tor anidhvsis of aro
matic + amuno acid decartboxslase (AAD. FC 411 2%
(Broch and Feapum, 1972). choline acets ransferase
(ChAT, FC 231 6) (Fonnum. 1975, glutamate de
cathovylase (GADL FC 41115 (b onnum et al.. 1970,
the mutochaondrisl enzyime carnime acetyitransferase o ¢
2301 T aSternr and Fonnum., 1980) . and the membiane
cnzvme S nuddeotdase tHC 313 S0 which was analy sed
with 0002 ms1 G HOAMP as substrate (Aviuch and Wl
lach. 1970 High atfinny uptake of 1 2.3 ‘Hclutamae
acid il concentration 107 a0 was studied wath Ailh
pore filtration used 1o terminate the ancubation as de
sarthed cb onnum et al L1977 Walaas and Fonnum. 1979)
The tadioactiviy accimuotated on the fidters was deter-
nned afier addinon of Biltercount santtlation hquad
tPachard) by hgurd somuilliation countimg ana Packard
Focarh . Maode! 33800 fitted with an absolute activaty an
et st tor Hoanadvsas

Guanyviate ovodase was anafysed by o maoaddication of
the methed desanibed by Knshna and Koshnagn (1975
and Bonhaumer et al. (1979 The incubation manture
contamed (final concentrationy: 30 ms Ty HOL pH 7 S,
with 0.8 my-GIP contaming 1 2 >~ 100 dpm. ja
CPIGTP and 4 myt MnClL,as substrate., T ms-cvehic GMP
and 1 mat-isobuty Imethyhvanthine to present breakdown
of the evchie GMP formed. appronimatels 10,000 ¢ p m.
P ‘Hlevehe GMP 1o monitor recovery, and 10 ul enzvme
prepiration or homogenisation buffer blanks, 1in a total
volume of SO0 ul. When indicated. NaN, (final concen:
tration 1 ma) or NaF (final concentration 20 ma) was
added to the test tubes at the start of the preincubation
After S pun praincubation at 37 C. the reaction was imt-
ated by addition of GUP. MnClL and intated ey chic GMP.
and terminated atter $ nunancubaton at 37 C by addiwon
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S step sodntion con rae Dot ovce G 2
e G bl e e EDENY L d
phare Caochie GMP was o ntied by doable column

sodhion dedeay sl

Chiccotegarby throoeh Doswex S0 and adumona columns
Sdlcsen et al o 19T Rnching and Koshnan, 1978
Bor b vamer ctal 1979 A volume of 3 mlof the aluning
cobuom cluate was added 1o 6 ml iloselve semullation
hgund cPackards and  Poand CH cadioactiote was mea
surad by odeable svotope higund samnillaion counting
thebanshr and Stdstes . 19730 0 Packand Focarb,
Model 380 Soparate eapenments showed that a1 omiv
valic GNP arap alone was ansattioient teo prevent
Preabdown of the tadioactne avehe GMP toarmed an ho
mogcnates trom the condatopntamon cdata not showm
Fathor, i swas asceraned that gianviate ovebase ae vy
Was epothiona to protom content and incnt aton toee
neder al condibons cmiplosed

Foordennty the P oontamme product cleatos s
hvopbiised. dissolved in H O and subyedtred 1o column
Chier atoptaphisy on Dowes S eBinbaoamer o ol 14T
oron Doves b 2 tamn cMao and Gaondete 1973
with ot withont poos ancebation gt 30 C for e the
prosence of ovohic paddeatnde phosphodiestorase 1o
mae T HOD pH T4 and 1o MeCE Other saaeples
wore added o cancr seliton of vohe GMEP GMYP
fDEF and GEE and coche AME ANME ADP and AP,
and s ectcd e twe doscnsona o ovchange thin Laver
chrcmatopiapta o polaecthvlon e celludose plates
CRu dorat ond Kodereh 1veds The macfeatide spots
wore visooed watho BN Lehr e toned to counting
veadbs 10omb BPUcohve wae dddted and P ocontent was
aviadosed B T d sl e ce g

Stabatical aralvses o dhe e nts was dene waith the
MW onven two samiple fest cHodees and T ebmann, 1964
Koceate losoned sopral saniplos ware compared to septa
Lihen from vnoperated ammals whole samples trom the
nulens aocmmbens and Cord depatamon were compared
te control samiples trom both vooperated animals and
from the vmmected side of Josered ancnals Tl
stirdies showed that the brochomc sl oo tvities i the Latter
sacphos wore nnattected baothe b onaae fesions

RESUL TS

Craanviate ovlase was first charactenized an
preparanions from the candatoputamen Incubation
of homogenates with ta “PIGTP followed by thin
"aver Chromatography of the punhied product
showed P radwactivity an the ¢vche GMP spot
only (not ~hownr burther, all P oan the punified
product behined ke authentic oy chie GMP on both
Dowex SO and Dowex 1 columns, while more than
96" . of the P label co migrated with *H GMP on
Dowen SO after phophodiesterase treatment (data
not ~shownt. Thus,all <P label in the punfied prod-
et appeared 1o represent eychic GMP. Further
stidies showed that guany late cyelase activity was
shghtly lower in caudatoputamen homogenates pre-
pared in dithiothreitol containing buffer compared
with preparations without the thiol reagent (405 +
I3 ersus 66.5 + 7.9 pmol min mg protein, mean *
st B Thiol-contaimng preparations avod
a possible ondative activanion of guanylate cyclase

(Bobhime etal o 1974, Goldberg et al.. 1978, and thes
wore theretore used an the rest of thas study . The
soluble enzvime thus prepared fiom the caadato-
putamen exhibited cliusaical Michaciis-Menten k-
netics, with a Ay for GIP of 47 gv tmean of two
determimitionst, sinnbas to previously reported val
ues from rodent brivn (Troyer and Ferrendelh.
1976 Troyer et al.. 1978y, Addition of 1 ma-NaN,
1o the different preparations increased the guany late
cyclase activity in homogenates und particulate
fractions 3.5- and 15-fold. respectively, but left the
soluble activity almost unchanged (Table 11 Simi-
Larly . premcubation with Triton X- 100 increased the
homogenite and particulate activities selectively
tTable D In contrast, incubation with 20 ma-Nat
did not increase evehic GMP synthesis in any of the
fractions (diti not shown), NaN; was also effectine
moactivatimg cvche GMP sy nthesis in homogenates
(S teldy and particulate fractions (11-foldy prepared
trom hanate fesioned candatoputamen (data from
Fag 200 These results all conform to the properties
previously descnibed for guanylate cyclase in
mammahan bron (Kimura and Murad. 1975, Kim-
urg ot al, 19750 Troser ot al., 1978)

Charactenization of the acurotransmitter com-
posttion of the regions under study showed that
the monoamine marker enzyme AAD and the ACh
marker enzyme ChAT were concentrated in the nu-
cleus accumbens and the caudatoputamen. while
the GABA marker enzyme GAD was most actine in
the septum and nucleus accumbens (Table 21, The
glutamate uptake capacity was greatest in the
caudatoputamen. The activity of S -nucleotidase
wius concentrated in the septum and the nucleus ac-
cumbens, while the peneral mitochondrial marker
carmtine acetyltransferase was evenly distributed
tTable 21 Guany Late cycliase was most concentrated
in homaogenates from the caudatoputamen and nu-
Cleus accumbens. and this was apparenthy due to
the very actinve soluble enzyme presentan these nu-
et Chable D In contrast. the particulate guanylate
cavvlase was evenly distoibuted anoall 1egions.
whether anabvsed in unticated preparations or after
detergent extraction (lable 1),

The effects of hiumic acid were tested in some
detatlia the cauditoputamen. Two days after injec-
tion of 10 nmol kamate. homogenates from this nu-
cleus had lost 60 7077 of the GAD and ChAT ac-
tivities present, while guanylate cyclase was de-
creased by SO 607 both in untreated (Fig. 1.,
detergent-extracted or azide-activated homogenates
(Fig. 2) when compared with similarly treated con-
trol preparations. Carnitine acetyltransferase was
decreased by 30% and $'-nucleotidase was de-
creased by 15, while AAD activity was unchanged
(Fig. 1). Separate analysis confirmed that most of
the soluble guanylate cyclase had disappeared after
this lesion (Fig. 2). In contrast, the untreated par-
ticulate preparation displayed significantly higher
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TABLE . Regional and subdadar distrimtion ot wnttcated
e lergo - ot dand NaN o acnvated s e v e
vl forcheanm nucled

Candatoputamen Nucleus aocnmbens Septum
Guany late cyclase tn &) n 6 (n S
Homogonate 408 - 313 00 - 38 174 - 19
< Triton M- 100 14990 - 61 1717 - 167 1244 - 7K
< NaN, 1296 - 170 -
Soluble 2408 - 126 2247 - M6 e - 8y
- I'mton X-100 2432 - 193
« NaN, RET T RIS X )
Paruculate 16y - 1.6 182 - 08 14% - 10
- Trton X 100 1230 « 134 1449 - 47 1480 - 217
» NaN, 2256 - 9% -

Results are expressed as pmol mun my protein and are presented as mean -
w1 A Samples were prepared in buffer contoming § myt dithiothrertol. Triton
X 100 01 NaN, added as desctibed ain text

Lk

1 TABLY 2. Rewonal distribution of AAD.ChAl GAD. S npdleondase.
carntine ae e ransterase and bl artoan clutamaic wptake
tnorat fore braan nucle

Caudatoputamen Nodleus aocumbens Scptum

(o X i 6 (" Sy
AAD 09y - 013 (U S UN P (U I U VR
ChATl 39 -0 MR UNK) P10 - 03
GAD 21 - 018 20 - 02X J08 - 0O}
S Nucleondase $4] - 062 LI U (I ¥ | 9ad - 01
Carmtine 343 - 013 78 - 4 Rl SRR
acehy ltransterase
Glutamate uptake 0069 - 0008 0043 - 0008 003¢ - 0004
{ Results are expressed as nmol min my proten and are presented as mean
SNEM
150, i . 150
[ ] 2 oavs arrem LEsON (N=D)
MM 7 Davs AFTER LE SION (N-6) }
|
-4
g ‘
- 00— — ‘1 E
r4 [ ]
S 1]
& e
5 ;
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; 508 b *e i‘
s | ]'
|
T.. . M
e LA i
L I 11 S . i f!
GUANYLATE AAD ChAT GAD 5-NUCLEO-  CARNITINE GLUTAMATE
CYCLASE TIDASE ACETYLT UPTAKE

FIG. 1. Biochemical activities in rat caudatoputamen homogenates following loca! injection of 10 nmol kainic acid Results
presented as mean = S € M percent of control (cf Table 1 and 2) Signiicantly ditterent from control. single astensk, p < 005,
double asterisk, p < 0.01.
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guany Late Cyclase aconvaty than simidar control prep-
arations at this time. whale the NaN - activated
patticulate activity was shghtly L and the detegent-
extracted particulate activity was significantly . de-
creased compared wath similarly treated control
prepatations (kg 2).

Sceven days after the fesion, GAD and ChAT ac-
tivities in the candatoputamen were reduced by
RO X870 caamitine acety transferase was reduced
by 4077 . while S -nucleotidiase now was significantly
increased to about 1307 ¢ of the initial actuivaty (Fig.
D AAD sctinaty and glutamate uptake were un-
changed. At this time point, guanylate cyclise in the
ditferent homogenate preparations was decreased
by 70 B0%7. while the soluble activity was de-
vrcased by about 8077 The increase in the untreated
particulate activity had disappeared. and a consid-
crable decrease was found an this fraction also irre-
spective of tredatment (Fig. 2).

The other nuclei were analysed 10 days afier
hamate mjections, and detergent extraction was
rouhinely used on homogenates and particulate
fractions to express maximal particulate guanylate
oychase achiaty . Injection of S nmol Kainate into the
nucleus accumbens decreased guanylate cyclase
activity in such Toiton treated homogenates from
this nucleus by 7007, this deciease representing an
approvimate 907 fall in the soluble activity and a
607 tall i the particulate activity (big. 3). In con-

150 -
>or [ ] 2 DAYS AF TER LE SION (N=6)
m 7 DAYS AFTER LESION (N=6)
-
100 - T
-
P4
(o]
(W)
o)
; e
el s .e
1 4
% or *s P
. e sabe
1 , - ,_Hﬁmm_d——

¥l TRITON 1mM-NaNy

HOMOGE NATE SOLUBLE

trast. guanyvlite cvchiase 1in the septum was un-
changed after septal snjection of 10 nmol Kainate
when tested both in homogenates (Fig. 4) and in
soluble and particulate fractions (not shown). The
hainate lesion of the nucleus accumbens destroyed
75 KS9 of the GAD aund ChAT uactivities present,
while septal injections destroved 7077 of the GAD
activity but left the ChAT activity in the septum
unchanged. §'-Nucleotidiase had increased consid-
erably. while carnitine acetyltransferase was de-
creased in both regions (Figs. 3 and 4).

DISCUSSION

The aim of the present investigation was to iden-
tify some properties of the guanylate cyclase ac-
tivities in the rat caudatoputamen, nucleus ac-
cumbens and septum. In the first part of the study.
subcellular fractionation demonstrated guanylate
cyclase activity in both soluble and particulate
preparations from all three regions. with the soluble
activity most concentrated in the caudatoputamen
and nucleus accumbens. The distribution of this
soluble guanylate cyclase coincided with the activ-
ity of the cholinergic marher ChAT (Fonnum et al.,
1977). but not with the high-affinity uptake of
glutamate. a putative marker for glutamate nerve
terminals (Fonnum and Walaas. 1978. Walaas and
Fonnum, 1979). Interestingly. acetylcholine has

+*
L 150
[

> &
(X J

T TRITON 'mM-NaNy
PARTICULATE FRACTION

FRACTION

FIG. 2. Guanylate cyclase in homogenates and subcellular tractions from rat caudatoputamen after local injection of 10 nmol
katnic acrd Samples prepared in 30 mm-Trs-HCI, pH 7 5 plus 5 mm-dithiothreitol Results represent percent of similarly treated
control preparations (Table 1), and are given as mean + S £ M Single astenisk, p < 005, double astensk, p < 0.01.
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been suggested to increase cyclic GMP levels in the
caudatoputamen through an activation of the solu-
ble guanylate cyclase only (Hanley and Iversen,
1978). In contrast, both the untreated and the more
active detergent-extracted particulate guanylate cy-
clase activity was evenly distributed between the
nuclei. unlike the neuronal markers. This difference
in distribution pattern between the two guanylate
cyclases is thus in general agrcement with previous
studies from other brain regions (Nakazawa and
Sano, 1974; Greenberg et al., 1978; Troyer et al.,
1978).

The cellular localization of guanylate cyclase in
these regions was then studied with the kainic acid
lesioning technique. Previous studies have de-
scribed the local neuronal necrosis and glial cell
proliferation induced by this agent in the caudato-
putamen (Hattori and McGeer, 1977: Schwarcz and
Coyle, 1977: Coyle et al., 1978). the nucleus accum-
bens (Walaas and Fonnum, 1979), and the septum
(Malthe-Sgrenssen et al., 1980). The present
biochemical results are in agreement with these re-

J Newrochem.. Vol 36. No. |, 1981

FIG. 3. Biochemial activities in rat nu-

150 Ccleus accumbens 10 days after iocal
injection ot 5 nmot kainic acid
Guanylate cyclase was analysed in
homogenates (HOM). solubie fractions
(SOL) and particulate fractions (PAR).
the other activities were studied In
homogenates Results presented as
tn Figs 1 and 2 5-NUC, 5 -nucleo-

100 trdase. CAR-AT. carnmitine acetyltrans-
ferase Significance single asterisk,
p < 005, doubie asterisk. p < 001,
n 6

ports. In the caudatoputamen. the local ACh and
GABA ncurons were destroyed and the afferent
monoamine and glutamate fibres were intact 1 week
after kainate injection. In addition. §'-nucleotidase,
which in the brain appears 10 be confined 10 ghal
membranes (Kreutzberg et al.. 1978), increased in
activity in parallel with the impressive reactive
astrocytosis that follows khainate lesions (Coyle et
al., 1978). It is therefore suggested that an increase
in the activity of this enzyme might reflect prolif-
eration of glial cells. Indeed. injury-induced pro-
liferation of S'-nucleotidase-staining glial cells has
been reported in other regions (Kreutzberg et al..
1978).

The destruction of local neurons and accom-
panying gliosis led in the caudatoputamen to a con-
sistent decrease in the homogenate guanylate cy-
clase activity, irrespective of pretreatment, and at
both 2 and 7 days after the lesion. Thus. most of the
guanylate cyclase activity in the caudatoputamen
appeared to be concentrated in local neurons. In
agreement, both the soluble and the detergent-

e i .
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extracted particulate activities decreased consid-
crably after Kainate lesions, on time scales similar to
the rapid degeneration of nceuronal cytosol and the
more slowly evolving degenceriation seen in the par-
tivuliate nerve cell components after Kainate Jesions
of the cavdatoputamen (Hattori and McGeer, 1977
Covle et al.. 1978). The non-detergent-treated par-
nculate guanylate cyclase presented a mote complhi-
cated response. however. In most tissues. this
poruculate enzyme is present in a partly occluded
form. and the full activity is only expressed after
detergent treatment (Kimura and Murad, 1975.
Durham. 1976: Goldberg and Haddox. 1977). In
view of the consistent decrease in such detergent-
extracted particulate activity, it was not expected
that a significant increase in the non-detergent-
treated particulate guanylate cyclase activity would
be found 2 days after lesion Thus. despite an ap-
parent decrease in tolal particulate guanylate cy-
clase. the kainate lesion also appeared to induce a
reversible, detergent-sensitive activation of the re-
maining particulate enzy me during the initial phase

of degeneration. A complete charactenzation of this
phenomenon will require further study .

In conclusion, both the soluble und particulate
guanylate cycliases appear 10 be concentrated in
local neurons in the rat caudatoputamen. A prefer-
ential neuronal localization for guanylate cyclase
has also been suggested from previous studies on
soluble guunslate ¢yclase fiom whole rat brain
(Gondis and Maorgan, 1973 and from studies using
cell cultures from chick brain (Gondis et al., 1974).
However. a ghal localization was recently sug-
gested. based on an increase in apparent guanylate
cyclase activity in kainate-lesioned rat cauda-
toputamen (Tjornhammar et al., 1979). The differ-
ent guanylate cyclase methods were therefore com-
pared during a collaboration with the latter authors.
Despite using aliguots from the same homogenates,
the radioimmunoassay analysis performed by Tjomn-
hammar et al. still showed a pronounced increase
in apparent guanylate cyclase activity, while the
present radivchemical method showed a 60% de-
crease in activity 2 days after lesion (results not

J Newrichem | Vol 36, No. 1, 1981
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shown). The cause of this discrepancy has, then,
not been identified. However, the apparent reliabil-
ity of the present radiochemical method (Krishna
and Krishnan, 1975; Craven and De Rubertis, 1976;
Birnbaumer et al., 1979; this paper) suggests that
radioimmunoassay of cyclic GMP formed in
kainate-lesioned caudatoputamen homogenates
might be subject to interfering factors.

The results from the nucleus accumbens extend
our previous studies (Fonnum et al., 1977, Walaas
and Fonnum, 1979) and show that the neuro-
chemical characteristics of this nucleus are virtually
identical to those of the caudatoputamen. Similar
guanylate activities were found in all types of
preparations, and all neurochemical markers re-
sponded similarly to kainate lesions. Thus, both
guanylate cyclases are predominantly located in
local neurons in the nucleus accumbens, as in the
caudatoputamen. In the septum, however, kainate
selectively destroyed the GABA neurons but left
the guanylate cyclase activities intact. Thus. most
of the cyclic GMP synthesis in this region appears
1o take place in cells not destroyed by kainate, such
as glial cells or the ACh neurons in the medial sep-
tum (Zaczek et al., 1979. Malthe-Serenssen et al.,
1980). Kainate sensitivity may be restricted to
neurons receiving glutamate fibres (Herndon and
Coyle. 1977: McGeer and McGeer. 1978 Biziere
and Coyle. 1978. Kohler et al.. 1978. Malthe-
Sorenssen et al.. 1980). In the septum. such
glutamate-innervated neurons. therefore, appear to
contain very low guanylate cyclase activity, a con-
clusion which argues against a general 'second mes-
senger’ role for cyclic GMP in glutamate neuro-
transmission (Mao et al., 1974. Biggio et al., 1978)
or kainate neurotoxicity (Honegger and Richelson.
197N.
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SUMMARY

The distribution of choline acetyltransferase (ChAT) and glutamate decarboxy-
lase (GAD). and the histochemical reaction for acetylcholinesterase have been studied
in the basal forebrain and globus pallidus of unoperated rats and in rats with an
electrolytic lesion of the nucleus accumbens. ChAT was highly concentrated in the
substriatal region, the neostriatum and the lateral part of the rostral substantia
innominata. The strongest intensity of staining for acetylcholinesterase was found in
the substriatal grey and the neostriatum. Very high GAD activity was found in the
substantia innominata, being even <lightly higher than that in the pars reticulata of
the substantia nigra. The lateral preoptic area. the bed nucleus of the stria terminalis

l and the globus pallidus also showed high activity of GAD. After lesions of the nucleus
accumbens the activity of GAD decreased significantly in the substantia innominata
and in a restricted part of the rostroventral globus pallidus, but not in the other
regions studied. ChAT activity and acetylcholinesterase staining were unaffected in all
regions.

The results indicate that a dense GABAergic projection originates in the nucleus
accumbens and terminates in the rostral substantia innominata and rostroventral
part of the globus pallidus. The study gives neurochemical support to the suggestion
that nucleus accumbens may be regarded as a ventral part of the neostriatum and that
the rostral substantia innominata may be regarded as a ventral part of the globus
pallidus.

INTRODUCTION

The basal forebrain of the rat is composed of several indistinctly outlined cell
groups, among them the preoptic nuclei. substantia innominata and the bed nucleus
of stria terminalis. However, despite the close proximity of these nuclei and similarities
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in cytoarchitectonics, they receive afferent projections from different parts of the
brain. The bed nucleus of stria terminalis is innervated predominantly by projections
from the amygdala and subiculum®.32, while the preoptic areas receive their major
innervation from the septum and from the bed nucleus of stria 1erminalis3, The
substantia innominata is especially difficult to distinguish from the lateral preoptic
area®.15.16.30 byt recent work has shown that the rostral part of the substantia
innominata as defined by Swanson? receives a dense projection from the nucleus
accumbens septit6-35 and from the olfactory tubercle!>. The accumbens projection,
which seems to continue into a restricted part of the rostroventral globus pallidus3!-36
is not shared by the other basal forebrain nuclei, and Heimer and co-workers have
therefore introduced the terms *ventral striatopallidal pathway’ and *ventral pallidum’
te describe these fibres and their termination!.16,

We have previously found a high activity of the y-aminobutyric acid (GABA)
marker enzyme, glutamate decarboxylase (GAD. EC 4.1.1.15), and an intermediate
activity of the acetylcholine (ACh) marker enzyme. choline acetyltransferase (ChAT,
EC 2.3.1.6). in what was tentatively described as substantia innominata and which
should correspond to the ventral pallidum™=. In the present communication these
observations have been extended. The detailed distribution of ChAT and GAD and
the acetylcholinesterase (AChE, EC 3.1.1.7) staining pattern in the cell groups of the
basal forebrain have been studied. special attention being paid to precise dissection.
In particular, we have investigated whether the concept of “ventral pallidum’ with a
‘ventral striatopallidal’ projection is supported by neurochemical data. The trans-
mitter in the "ventral striatopallidal’ fibres has also been identified. A preliminary
report has been presented®>.

EXPERIMENTAL PROCEDURES

Surgical operations

Male Wistar rats of 170-200 g body weight. were anaesthetized with a mixture of
diazepam and Hypnorm Vet ‘Mekos’, and the animals were placed in a Kopf
stereotactic apparatus according to the atlas of Kdanig & Klippel?2. A tungsten
electrode (0.5 mm diameter). insulated to the tip, was lowered through a burr hole into
the nucleus accumbens at coordinates A: 9.5, L: 1.0, V: -—1.0, another electrode was
clipped 1o the edge of the wound. and lesions were made with an alternating current
(0.2 A) for 3-10 sec. Three sham-operated animals were subjected to the same
procedure, but no current was applied. (Al animals were operated on and, or sacrificed
between {5 April and 15 May).

Tissue preparation

Five to seven days after operation, both lesioned and sham-operated rats,
together with nine unoperated animals were decapitated between 09.00 and 11.00 h.
The brains were rapidly removed and frozen with a CO: jet, and frontal 40 sm sections
cut in a cryostat as previously described!'!. Sections from the whole rostrocaudal
extent of the nucleus accumbens were thawed on microscope slides, air dried and
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Fig. 1. Composite drawings showing the cxtent of the electrolytic lesions of nucleus accumbens in rats
R1 RY. Acc. nucleus accumbens: CA. commissura anterior; CC, corpus callosum: cp, caudate-put-
amen: oa, anterior olfactory nucleus: OT, olfactory tubercle: PY. pyriform cortex: SL, lateral septum:
SM. medial septum: TD. diagonal band: TOL, lateral olfactory tract; VL, lateral ventricle. Numbers
indicate distance in front of interaural line. Madified from Konig and Klippel®2.

stained with thionin for mapping of the lesions (Fig. 1). Beginning at level A 750022,
sections including the lateral preoptic area, globus pallidus or substantia nigra were
either collected, freeze-dried and stored as previously described!!, or thawed on
microscope slides and stained for AChEZ2®, or with routine cells stains (thionin or May
Griinwald Giemsa).

Disscction

The regions to be studied were dissected under a binocular microscope which
allowed corresponding stained and freeze-dried sections to be viewed simuitaneously.
Based on the morphological characteristics in our stained sections (Fig. 2) the
following regions were taken out: a sample from the neostriatum immediately dorsal
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Fig. 2. Thionin stained frontal section (40 g#m) of basal forebrain regions in the rat. taken from level
A 710022, BST. bed nucleus of the stria terminalis: LPO. lateral preoptic area: NHDB. nucleus of the
horizomal limb of the diagonal band; SI, substanta innominata; SSG. substriatal grey region. Other
abbreviations as in Fig. 1. - 30.
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Fig. 3. AChE-stained frontal section (40 #m) of basal forebrain regions in the rat, taken from level
A 690022, GP, globus pallidus. Other abbreviations as in Figs. 1 and 2, - 37.

to the commissura anterior and extending from the bed nucleus of the stria terminalis
medially to the medial border of the subsiriatal grey rcgion’ laterally, the bed nucleus
of the stria terminalis both ventral and dorsal to the commissure®9, the lateral preoptic
area immediately ventral to the bed nucleus, the substriatal grey region, and the rostral
substantia innominata lying between the last two regions (Fig. 2). In unoperated
animals the last sample was divided into lateral and medial parts. At more caudal
levels. the rostroventral tip of the globus pallidus adjacent to the bed nucleus was
dissected instead of the neostriatum. In addition, more caudal samples from the
central part of globus pallidus and from the rostromedial pars reticulata of substantia
nigra were taken for comparison.

Biochemical analvsis

The samples (1-5 pug dry weight) were weighed on a fishpole quartz fibre
balance?3, and assayed for ChAT or GAD activity with previously reported radio-
chemical methods®.1!-12, Statistical significance between results was assessed with the
non-parametric Wilcoxon two-sample test!?.

RESULTS

Histological staining of the basal forebrain (Fig. 2) revealed several neuronal
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TABLE |

Distribution of choline acetyltransferase and glutamate decarboxylase in the basal forebrain and related
regions of the rat

Results from 3-9 animals, presented as mean -+ S.E.M. (number of samples).

Region Choline acetyl transferase Gluramate decarboxylase
(pmollhig dry wt.)

Neostriatum 84.3 4 9.7 (4) 200 4 22 (6)

Globus pallidus,

rostroventral part 209 4+ 3.2 4) 700 § 29 (6)

central part — 546 -+ Il (5)
Bed nucleus of stria terminalis,

ventral part 27.8 + 1.3 (5) 619 4+ 63 (7)

dorsal part 219+ 22 (5) 446 + 50 (1)
Lateral preoptic area 322 £33 4) 755 4 75 (5)
Substantia innominata,

medial part 348 + 43 4 1075 + 71 (6)

lateral part 79.7 4 8.5 (5) 957 + 106 (8)
Substriatal grey region 1500 + 7.9 (5) 291 4 43 (5)
Substantia nigra, pars reticulata — 892 + 70 (23)

populations showing different characteristics under optical microscopy. The ventral
and dorsal parts of the bed nucleus of the stria terminalis both consisted of rather
small, densely packed neurones. Ventral to this, the lateral preoptic area contained
larger, more scattered cells, while the substantia innominata displayed irregular, large
and unevenly scattered neurones (Fig. 2). Lateral to the substantia innominata and
ventral to the temporal limb of the anterior commissure, the substriatal grey region
contained small neurones, which resembled those of the neostriatum. The rostro-
ventral part of globus pallidus, dissected at a slightly more caudal level, had similar
cell morphology as substantia innominata. AChE stained sections (Fig. 3) demon-
strated a dense staining in the neostriatum, the substriatal grey and the horizontal
nucleus of the diagonal band. In contrast, the bed nucleus of the stria terminalis was
almost devoid of staining product, while the globus pallidus and the lateral preoptic
area had a few AChE positive ne", dnes.

The substantia innominata had both some neuropil staining and AChE-positive
neurons (Fig. 3). The latter are probably a dorsal extension of the dense aggregations
of such cells in the horizontal diagonal band nucleus®-18. The distribution of ChAT in
these regions (Table 1) paralleled, with few exceptions, the AChE pattern. High
activity was found in the substriatal grey and the caudate-putamen (neostriatum),
while the bed nucleus and rostral globus pallidus displayed low activities. The lateral
preoptic area and medial part of the substantia innominata had slightly higher ChAT
activity than the bed nucleus, while the lateral substantia innominata had approxima-
tely the same activity as the caudate-putamen.

The GAD activity was distributed differently. Both parts of the substantia
innominata showed very high activity. These were clearly higher than any paits of the

|
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TABLE 1l

Glutamate decarboxylase in substantia innominata and globus pallidus following electrocoagulation
of nucleus accumbens

Results presented as mean 5 S.E.M. (number of samples). Lesioned side significantly lower than
unlesioned side: **** P < 0.001; *** P < 0.01; ** P < 0.02; * P < 0.05 (Wikoxon two-sample test).

Ani- Substantia innominata Rostroventral globus pallidus Central globus pallidus

wmal  Unlesionedside  Lesioned side Unlesioned  Lesioned side  Unlesioned  Lesioned side
{pemolihig ., of unlesioned  side {pmol| °y of un- side (pmol|  °, of un-
dry wt.) hig dry wt.) lesioned hig dry wt.) lesioned

Rl — —_ 845+ 24(6) 523.4(6)**** 582+7 (3) 8S+18(3)

R2 1192473 (8) 29 - 6(6)**** — — — -—

R3 841+82 (3) 40+-7(3)* 540.:+47(3) 6019 (4)* — —_

R4 1099 120(4) 49 +6(5)** 694 +44(5) 6215 (5)*** 579+14(3) %4+4 (3

RS 1002140 (6) 564.4(6)**** 596+ 51(4) 6514 (H)**  490+16(3) 99+1003)
R6 1361 +58 (11)  635(11)**** 859+56(3) 8214 (3)* 983482(3) 8248 (3)
R7 1137 :108(9) 13 45(10)*** 683 +37(2) 8717 (H)* — —
R8 94634 (T 9L 4(7) 654 L 78(3) 100+ 15(3) 65819 (3) 108+8 (3)
R9 930 :147(5) 961 A7) - - - —

globus pallidus and even slightly higher than the activity in pars reticulata of
substantia nigra (Table 1). The rostroventral part of globus pallidus, the ventral part of
the bed nucieus and the lateral preoptic area also showed high GAD activity, while in
the dorsal part of the bed nucieus it was slightly less. Compared with these regions, the
substriatal grey and the caudate-putamen showed rather low GAD activity.

Electrocoaguiations of the nucleus accumbens (Fig. 1) caused different types of

l lesions depending on the duration of the lesioning current. In animals R1-R4 almost
alf accumbens tissue was destroyed, in R5-R7 the rostrodorsal part of the nucleus was
destroyed but the ventrocaudal part was intact, and in R8 and R9 only a small part
situated rostrodorsally was affected. In addition, the anterior olfactory nucleus, parts
of the septum, and the medial caudate-putamen were affected to a limited degree in all
animals (Fig. 1).

In lesioned animals the GAD activity on the contralateral, unlesioned side was
similar to the activity in samples from unlesioned animals (compare Table I and 11).
The effect of lesion is therefore expressed as the percentage of the activity in the
contralateral side of the lesioned animals (Table I1).

Following lesions in rats R1-R7 the GAD activity in both substantia innomi-
nata and the rostroventral part of the globus pallidus decreased significantly. The
maximum decrease was found after the largest accumbens lesions (Table 11, Ri1-R4),
while no significant decrease was found after the small lesions in R8 and R9. In
contrast, there was no correlation between the extent of the septal or striatal
involvement in the lesions and the decrease in GAD activity (compare the septal
lesions in R1 vs R8 and the striatal lesions in RS vs R9). GAD in the central part of the
globus pallidus was unaffected by all types of lesions, and this was also true in the bed ;

L“—_-——I-—q . Rt W ettt e




32

TABLE III

Choline acetyltransferase in substantia innominata, rostral globus pallidus and ventral neostriarum
Jollowing electrocoagulation of nucleus accumbens

Results from 6-15 samples from animals R3, RS, R6 and R7, presented as mean + S.E.M.

Unlesioned side Lesioned side

{umolfhig dry wt.) 2o of unlesioned
Substantia innominata 549 + 5.6 106 4: 11
Rostroventral globus pallidus 21.0 + 4.2 112 + 8
Ventral neostriatum 83.3 + 120 97 + 11

nucleus of stria terminalis (94 + 8 %), lateral preoptic area (120 4 14%) and in the
neostriatum adjacent to the substantia innominata (105 + 139%) (mean 4-S.E.M.,
data from RI, R3, R4 and RS).

In contrast to GAD, ChAT activity in animals with large, intermediate or small
accumbens lesions was unchanged in both the substantia innominata and the
rostroventral globus pallidus (Table III). In addition, ChAT in samples from the
neostriatum adjacent to the lesion was not changed (Table Ill), a finding which
eliminates the possibility that an unspecific heat effect was responsible for the decrease
in GAD activity in substantia innominata and globus pallidus. The AChE staining
pattern was not visibly affected by any of the lesions.

DISCUSSION

Two points deserve special consideration in the present study: the identity of the
transmitter in a major efferent projection of the nucleus accumbens, and the
classification of the region in the basal forebrain where these fibres terminate.

The indistinct morphology of the basal forebrain in the rat has been an obstacle
to a clear functional classification of the nuclei present?.3.15.30_ This is also reflected in
neurochemical studies, which have shown high concentrations of several putative
transmitters in this region, but which — except for the bed nucleus of the stria
terminalis — have failed to provide for a detailed neurochemical characterization of
the different neuronal populations present!.2.21.28_ In particular, the precise distribu-
tion of the very high GAD activity in the region has not been unequivocally
defined!2.14.33, In an effort to clarify these issues, we have in the present work
characterized the morphology of the basal forebrain in the rat with thionin and AChE
staining. The different nuclei were identified following the description of Swanson3?,
and the activity of the specific ACh and GABA markers, ChAT and GAD9, were
analysed.

The results indicate that the neurones in the basal forebrain adjacent to the
anterior commissure can be divided into 4 principal groups, e.g. the bed nucleus of the
stria terminalis, the lateral preoptic area, the substantia innominata together with the
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rostroventral globus pallidus, and the substriatal grey region together with the
neostriatum. Morphologically, 3 regions are well discernible. The neurones in the
lateral preoptic region and rostral substantia innominata are rather similar, and no
clear border separates these nuclei. In contrast, the neurones in the bed nucleus of the
stria terminalis are clearly different from those in the lateral preoptic area and the
substantia innominata, and these regions are well separated by a cell-free zone.
Similarly, the neurones in the substriatal grey region is markedly different from those
in the substantia innominata, and a sharp border also separates these regions (Fig. 2).
The rostroventral globus pallidus demonstrates morphological similarities with the
substantia innominata and lateral preoptic area, while the neostriatum is similar to the
substriatal grey region.

This classification is also, at least partly, reflected in the transmitter composition
of the regions. The bed nucleus of the stria terminalis has a dense population of
GABAergic tibres, but an unimportant cholinergic innervation, in agreement with
other reportst2, In contrast, the substriatal grey region is densely innervated by
cholinergic fibres, and has only a sparse population of GABAergic terminals, like the
neostriatum. The lateral preoptic area, the rostral substantia innominata and the
rostroventral globus pallidus seem to be intermediate. They all have a population of
AChE-positive cells, which are most numerous in the substantia innominata. The
cholinergic innervation of these nuclei as indicated by the ChAT activity is quan-
titatively unimportant in the rostroventral globus pallidus, more dense in the lateral
preoptic area, and quite considerable in the lateral substantia innominata. In contrast.
a very dense GABAergic innervation is found in all these nuclei. These GABA
terminals are most highly concentrated in the rostral substantia innominata. which has
even higher GAD activity than the pars reticulata of the substantia nigra.

Thus, only small morphological and neurochemical differences are found
between the lateral preoptic area and the rostral substantia innominata and rostro-
ventral globus pallidus. The 3 regions differ, however, in their fibre connections. The
lateral preoptic area receives fibres from the septum and sends efferents to the
habenula!3-24.30 while the rostral substantia innominata and the rostroventral globus
pallidus have a major input from the nucleus accumbens and do not project fibres to
the habenulal!3, Also, the origin of the GABAergic fibres in the regions seems to be
different. In the present work, the lesion experiments indicate that most of the GABA
terminals in the rostral substantia innominata and the rostroventral part of globus
pallidus originate in the nucleus accumbens while those in the lateral preoptic area do
not. Thus, the decrease in GAD in the substantia innominata and rostroventral
pallidum correlated well with the extent of the accumbens lesion, it was found to be
independent of the involvement of the septum or the neostriatum, and it was restricted
to those parts of the basal forebrain and globus pallidus which are known to receive
accumbens fibres. These results make it unlikely that the decrease in GAD activity was
the result of damage to fibres passing through the nucleus accumbens but originating
elsewhere. Judged on the amount of GAD activity destroyed by this lesion. this fibre
tract must be one of the most dense GABA projections in the rat brain.

We thus suggest that most of the GABA terminals in the rostroventral globus
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pallidus and the rostral substantia innominata belong to an accumbens-related
functional system?8, which is clearly different from that of the hypothalamus-reiated
preoptic nuclei®-30, The nucleus accumbens has traditionally been regarded as part of
the ‘limbic system’18.27. However, recent anatomical and biochemical data indicate
that the nucleus in many ways is similar to the neostriatum, both regarding afferent
connections and intrinsic neurones!2.16:34_{t is therefore interesting that the present
work also indicates similarities in efferent connections. Thus, the neostriatum has been
found to send a dense GABAergic projection to the main body of globus pallidus!3-19,
whereas nucleus accumbens, as shown in the present work. probably sends a
GABAergic projection to a ventral extension of this nucleus. This finding consequently
gives additional credence to the proposal that the nucleus accumbens might be
regarded as a “ventral striatum’, that the rostral substantia innominata might be
regarded as a ‘ventral pallidum’, and that these two regions are connected by a ‘ventral
striatopallidal’ projection!3.18, The remainder of the GAD activity in the ‘*ventral
pallidum’ may possibly derive from fibres originating in the olfactory tubercle.
Although these fibres, which probably would be unharmed by our lesions (Fig. 1),
terminate in a slightly more ventral and lateral part of the substantia innominata than
the fibres from the nucleus accumbens!?, they would still be included in our samples.

The origin of cholinergic fibres in the basal forebrain remains unanswered by
this study. However, we have previously shown that the basal forebrain does not
receive ascending choelinergic fibres!Z, and it has also been shown that the ChAT
activity in samples from the lateral preoptic area which probably included the
substantia innominata as defined in this paper, is decreased by local kainic acid
applicationd. It is therefore possible that most of these cholinergic fibres are derived
from local neurones, some of which probably belong to the predominantly cholinergic
system of "‘magnocellular nucfei of the basal forebrain”, which project widely to the
cortex and brain stem7:20.23,
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BIOCHEMICAL EVIDENCE FOR y-AMINOBUTYRATE
CONTAINING FIBRES FROM THE NUCLEUS
ACCUMBENS TO THE SUBSTANTIA NIGRA AND
VENTRAL TEGMENTAL AREA IN THE RAT

1. WaLaas and F. FoNNUM
Norwegian Defence Research Establishment. Division for Toxicology. N-2007 Kjeller. Norway

Abstract  Glutamate decarboxylase activity. a specific marker for ;-aminobutyrate-containing neurons.
has been analysed in microdissected samples from rat mesencephalon following unilateral electrocoagu-
lations of the nucleus accumbens. This lesion resulted in a consistent decrease of S0°, in the enzyme
activity in the rostromedial substantia nigra. and a slight. but insignificant decrease (—15°,) in the
medial parts of the caudal pars compacta of the substantia nigra. No change was found in the lateral
pars compacta or the central pars reticulata. In the ventral tegmental area. the highest activity was found
in the rostromedial part. adjacent to the mammillary body. At this level, a significant decrease of 20°,
was found in the ventral tegmental area on the lesioned side. In contrast. the activities in the medial
accessory optic nucleus and the caudal ventral tegmental area adjacent to the interpenduncular nucleus
were unchanged

The results indicate that the nucleus accumbens sends ;-aminobutyrate-containing fibres to the rostro-
medial substantia mgra and to the rostral ventral tegmental area. The caudal ventral tegmental area. the
lateral pars compacta and the central pars reticulata do not receive measurable amounts of such fibres.

THE NUCLEUS accumbens septi distributes nerve fibres
to a considerable number of brain regions, and seems
to be able to exert a widespread influence on brain
functions (POWELL & LEMAN, 1976 CONRAD & PFAFF.
1976: WiLLIAMS., CROSSMAN & SLATER, 1977: NaUTA.
SmiTH, FatLL & DoMesicK. 1978). One of the quanti-
tatively dominating projections terminates in the
mesencephalon. where the fibres distribute densely 10
rostral parts of the ventral tegmental area of Tsai and
the dorsomedial substanua nigra (SwaNsON &
Cowan, 1975, CONRAD & PEAFE. 1976 NAUTA et al.
1978 PHILLIPSON. 1978). These fibres may be impor-
tant both as a regulator of the ‘mesolimbic’ dopamine
neurons tn the ventral tegmental area, which in turn
project bact to the nucleus accumbens (UNGERSTEDT.
1971; SiMon., LeMoal., Gatey & Carpo. 1976,
NAUTA ef al.. 1978), and as an input to the nigral
complex. The identification of the neurotransmitter(s)
in these fibres would therefore be of considerable
interest. ;-Aminobutyric acid (GABA) has potent
actions on the dopamine-containing cells in the ven-
tral tegmental area (Fuxr, HOKFELT. LIUNGDAHL.
AGNATL JOHANSON & PEREZ DE LA MORA, 1975: PAL-
FREYMAN. HUOT, LIPPERT & SCHECHTER, 1978) and
has been proposed as a transmitter candidate on
physiological and pharmacological grounds (WoLk,
OLpE, AVRITH & Haas, 1978; STEVENS, 1979). How-
ever. previous neurochemical studies have given con-
flicting results (FONNUM, WALAAS & IvERSEN. 1977:
McGrer, MCGEER & HATTORL 1977: WADDINGTON
& CRross, 1978). The present study was initiated in an

Ahbreviations:  GABA, ;-aminobutyrate; GAD, L-giuta-
mate decarboxylase.

effort 1o resolve this problem. taking advantage of the
precise and restricted distribution of the fibres from
the nucleus accumbens (NAUTA et al.. 1978). Follow-
ing unilateral electrocoagulations of the nucleus
accumbens we have dissected parts of the substantia
nigra and ventral tegmenial area from freeze-dried
sections, and analysed the activity of the specific
GABA marker glutamate decarboxylase (GAD. EC
4.1.1.15). on both the lesioned and unlesioned sidc.
Adjacent regions have been analysed as control. Some
preliminary results have been presented (WaLAAS &
FoNNuM, 1979q).

EXPERIMENTAL PROCEDURES

Materials

White Wistar male rats of 180 210g body weight were
from Mollergaard-Hanssens Avlslat sratorium. Denmark.
L-[1-'*C)glutamic acid was from The Radiochemical
Centre. Amersham, UK.

Lesions

The animals were anaesthetized with fentanyl citrate and
fluanisone (Hypnorm vet.. Mekos, 0.1 ml s.c.) and valium
(Roche, 0.75mg 1.p.). and placed in a stereotactic frame
after KimiG & Kuieprr (1963). The shull was opened with
a dental drill, and a wngsten clectrode insulated to the tip
(0.5 mm diameter) was lowered into the nucleus accumbens
9.5 mm in front of the interaural line. 1.2 mm lateral to the
midline and 5.5 mm below the dura. Another clectrode was
clipped 1o the wound edge. and lesions were made with an
alternating current (0.2 A) for 10s. The lesions were placed
randomly on the right or the left side in different rats.

Tissue preparation
Five six days after operation the rats were decapitated.
the brains rapidly removed and frozen on a microtome
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Fio. 1. Schematic outline of lesions destroying the nucleus accumbens in animals R1 Re. A, nucleus
accumbens: CP. caudatoputamen. S. septum: OT. olfactory tubercle; TD. diagonal band nucleus.

chuck with a CO, jet. A knife mark was made in the cortex
on the lesioned side. and frontal 40 um sections were cut at
—16 C. Sections from the rostrai telencephalon were
thawed on microscopic slides. air-dried and stained with
thionin for mapping of the lesions (Fig. | and Table 1),
Between levels A 2800 and A 1300 (KoNIG & KLIPPEL.
1963) each 6th section was taken for cell-staining. while the
mtermediate sections were collected. freeze-dried and
stored as previousfy described (FONNUM. STORM-MATHISEN
& WALBFRG. 1970),

Histological preparation

Unoperated ammals were perfused through the ascend-
ing aorta with S0 ml isotonic saline followed by Bouin's
fixative for 30 min. The brains were fixed overnight in
Bouin’s fixative. dehydrated. embedded in paraffin and
sectioned in series at S um. Every tenth section from the
mesencephalon was mounted and stained with toluidine
blue.

Dissection

The freeze-dried sections were nspected simultaneously
with adjacent cell-stained 40 um sections from the same

amimal in a stereomicroscope. The lesioned side was identi-
fied by means of the knife cut n the cortex. and the
samples were dissected with broken razor-blade splints
Rostrally. the medial accessory optic nucleus. the fasci-
culus retroflexus and the mammillary penduncle were
casily visible and used as reference points. The ventral
tegmental area was dissected between the mammiliary
peduncle. the medial lemniscus and the medial accessory
optic nucleus. The rostromedial substantia nigra was dis-
sected adjacent to the medial accessory optic nucleus. and
the central parts reticulata of the substantia nigra was dis-
sected dorsal to the crus cerebn (Fig. 2). Some samples
were also taken from the medial gccessory optic nucleus.
More caudally the ventral tegmental area was taken adja-
cent to the easily visible interpeduncular nucleus. while the
substantia nigra was divided into medial and lateral pars
compacta and central pars reticulata (Fig. 2),

Some of the dissected sections were mounted on egg
albumin-glycero! coated slides. fixed in 10°,, formalin and
stained for acetyicholinesterase (STORM-MaTHISEN. 19704
m order to vizualize the ventral tegmental area and pars
compacta of the substantia nigra (Fosxsutw ot al. 1977,
Inspection of these slides revealed a precise dissection of

TABLE | EXTENT OF FLECTROCOAGULATIONS OF THE NUCLFUS ACCUMBENS

Nucleus Offactory Diagonal band  Bed nucleus of
Amimal accumbens Caudatoputamen tubercle nucleus stria terminabis Septum
Ri + b+ +{+) - + 4+ d -
R2 L + - - - -
R} 4 - r +r - -+
R4 + -+ - + + o+ - -+
RS L e - -+ + o+ - - -
R6 + 4+ . .1 +d -
r. Rostral: d. dorsal. The number of plus signs indicates the evtent of destruction
. - T S R ——————
S A . _
v ] ) -
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Fit. 2. Drawings based on toluidine-stained sections from
the mesencephalon. demonstranng approximate outline of
the different nucler and localization of dissected samples.
{A) rostral mesencephalon. Dissected samples: L central
pars reticulata: Il rostromedial substantia nigra: 111
medial accessory optic nucleus; IV, ventral tegmental area.
{B) Caudal mesencephalon. . central pars reticulata: 1L
lateral pars compacta: 11l medial pars compacta: V.
ventral tegmental area.

Abhreviations: AON. medial accessory optic nucleus:
FR. fasciculus retroflexus: IP. interpeduncular nucleus:
CC. crus cerebri: NR. nucleus ruber; ML. medial lem-
niscus: MB. mammillary body: MP. mammillary peduncle:
SNC. substantia nigra. pars compacta: SNR. substantia

nigra. pars reticulata: OC. oculomotor nerve.

the accessory optic nucleus. the ventral tegmental area and
the rostromedial substantia mgra. while some samples
from the caudal pars compacta extended slightly into the
dorsal pars reticulata. or into the tissue between the sub-
stantia nigra and the medial lemascus. Thus, some vari-
ation would be expecied in the results from the caudal pars
compacta. especially in the lateral part.

Biochemical unalysis

Under microscopic guidance the samples (0.2 1.5 ug dry
weight) were collected. moved to a fishpole quartz fibre
balance (LOWRY. 1953). weighed and transferred to the
assay tubes. Glutamate decarboxylase (GAD) activity was
analysed by a CO,-trapping method as described (FONNUM
et al. 1970; 1977). with a final concentration of 20 mM
1 -glutamic acid. The Wilcoxon two sample test was used to
evaluate the results statistically.

RESULTS
Histological studies
Histological staining of sections from the mesen-
cephalon was performed in order to characterize the
neuronal population present in the regions investi-
gated in this study (Fig. 2. In the rostral samples. the

medial accessory optic nucleus was found between the
crus cerebri und the mammillary peduncle. It
extended from the ventral surface of the brain,
between the medial substantia nigra and the ventral
tegmental arca. and the medium-sized cells found
seemed to be preferentially oriented in a ventro-
medial dorsolateral direction {Fig. 3). This nucleus
was easily visible in the freeze-dried sections. having a
more dense appeasance than adjacent regions when
itfuminated from below. The rostromedial nigral
sample comprised a region extending from the dorsal
border of the crus cerebri to the dorsal parts uf the
medial pars compacta. Medially. this sample bordered
upon the accessory optic nucleus. and it extended
laterally 0.1-0.2 mm into the substantia nigra (Fig. 2).
Ventrally, this sample contained tissue from the pars
reticulata. with a few medium-sized neurons. while
dorsally a dense population of both fusiform and pyr-
amidal pars compacta neurons (FaLLon, RiLky &
MOORE. 1978 JUuraskA, WiLSON & GROVES. 1977) was
included. The ventral tegmental area comprised more
scattered neurons. most of them being identical in
appearance to the pars compacia cells (Fig. 3).

In more caudal regions. the medial pars compacta
was pierced by fascicles from the oculomotor nerve
and by perforating blood vessels. Laterally it blended
with adjacent regions without any distinct border.
Also at this level. the pars compacta neurons
extended without interruption into the caudal ventral
tegmental area. where they became more sparse in the
region dorsolateral 1o the interpeduncular nucleus
(Fig. 2).

Effects of the lesion on glutamate decarboxyluse
activity

Anatomical studies have demonstrated a strict uni-
lateral distribution of both the striatonigral (BUNNEY
& AGHAIANIAN, [976: TULLOCH. ARBUTHNOTT &
WRIGHT, 1978) and the accumbens mesencephalic
fibres (NAUTA et al.. 1978), and we have previously
shown that a hemitransection of the brain is without
effect on GAD in the contralateral mesencephalon
(FONNUM ef al.. 1977). In the present study. we have
therefore used the unlesioned side as ‘normal’. and
compared the biochemical results found here with
those on the lesioned side.

Distribution of glutamate decarboxylase in the
mesencephalon. On the unlesioned side. the highest
GAD activity was found in the central pars reticulata
and in samples from the rostromedial substantia nigra
(Table 2). The latter sampie¢ comprised both the pars
reticulata and the pars compacta, and separate analy-
sis of these regions revealed equal activities in both
(results not shown). Lower activity was found in both
medial and lateral parts of the caudal pars compacta
(Table 3). In the ventral tegmental area. the highest
activity was found rostrally (Tables 2 and 3). The dis-
wribution of GAD in the cauda) ventral tegmental
area and caudal pars compacta is in general agree-
ment with our previous results (FONNUM et al.. 1977).
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TABLE 3. GLUTAMATE DECARBOXYLASE ACTIVITY IN MESENCEPHALIC NUCLE! FOILLOWING LLECTROCOAGULATION OF THE
NUCLEUS ACCUMBENS

Contralateral side to lesion Ipsilateral side to lesion

Region

(umol h g dry wt} (", of unlesioned)

Caudal ventral tegmental arca
Caudal substanti nigra, medial pars compacta
Caudal substantia nigra, lateral pars compacta
Medial accessory optic nucleus

178 + 15(9) 97 + 9(I5)
354 + 34(14) ®S £ 11Qn
396 + 67111 98 + 22(10)
190 + 12(9) 92 + SKj

Results from five animals, presented as mean +S.E.M. (number of samples).

The medial accessory optic nucleus had distinctly
lower activity than the adjacent ventral tegmental
samples, and very much lower than the rostromedial
nigral region immediately lateral to it (Tables 2
and 3).

Extent of the lesions. Inspection of the telencephalic
sections demonstrated that the nucleus accumbens as
usually defined (KONIG & KuipPeL, 1963) has been
destroyed in all animals, and that the globus pallidus.
the caudal caudatoputamen and the anterior hypo-
thalamus were unharmed (Fig. 2). However. the
lesions were not restricted to the nucleus accumbens.
In animals R1. R2 and Ré, a part of the rostromedial
caudatoputamen was also involved. and in R1 and R6
the lesion also encroached slightly upon the lateral
septum and rostral parts of the dorsal bed nucleus of
the stria terminalis (Table 1). The nucleus of the dia-
gonal band was involved in animal Ré. In animais R3,
R4 and RS the lesion left the caudatoputamen and the
bed nucleus of the stria terminalis intact. However,
these lesions involved most of the ventral ipsilateral
septum and the nucleus of the diagonal band.
Animals R4 and RS also had small lesions in the
mediorostral olfactory tubercle (Table 1).

Glutamate decarboxylase ipsilateral to the lesion.
Biochemical analysis on the lesioned side showed that
the activity of GAD was markedly reduced in the
rostromedial substantia nigra but not in the adjacent
medial accessory optic nucleus. This decrease was
found both in ventral and dorsal parts of this sample,
and was independent of the involvement of the
septum, the caudatoputamen. the nucleus of the dia-
gonal band or the bed nucleus of the stria terminalis
(Table 2). Therefore it seems to be a specific result of
the accumbens lesion only. In the ventral tegmental
area rostral to the interpenduncular nucleus. smaller
decreases in GAD (10-31°,) were found in five
animals. These decreases were most substantial in
animals R3 and RS5. both with considerable septal in-
volvement. but they were also statistically significant
in R2 and R6 (P < 0.05 and P < 0.0]. respectively)
animals where the septum was barely touched by the
lesion.

A slight but insignificant decrease in GAD activity
was also found in the medial part of the caudal pars
compacta of the substantia nigra. The lateral pars
compacta, the central pars reticulata, the caudal ven-
tral tegmental area and the medial accessory optic

nucleus, regions which receive few or no fibres from
the nucleus accumbens (NAUTA ef ol 1978) all dis-
played unchanged activity after the lesions (Table 21

DISCUSSION

- Aminobutyrate in the mesencephalon

The GABAergic fibres reaching the mesencephalon
probably have an important influence on the local
dopaminergic cells (CHERAMY. Nnottton & Grow-
INSKL, 1978 : CATTABENL BUGATTI. GROPPETTL. MAGGI.
PARENTI & RACAGNL 197K). but recer - s.idhes have
shown that they also may be imvohed in behaviour
not mediated by monoamines (SCHig1 -KRU GER. ARNT
& MaGELUND. 1977 Di CHiara. PORCEDDU, MOR-
ELLI. MULAS & GEsSA. 1978 WaDDINGTON, 1978 see
also review by Dray. 1979). Thus. the functional
organization of these fibres may be more complicated
than previously believed. The major GABAergic input
to these regions has been well defined: it arises in the
caudatoputamen and possibly in the globus pallidus
and terminates in the substantia nigra (KiM. Bak.
HasSLER & OKADA. 1971 HatTORL. MCGFER. FIRBIGER
& McGeer. 1973; FonstM. GROFOVA. RINVIK.
STORM-MATHISEN & WALBERG. 1974: BROWNSTEIN.
MRroz, Tappaz. & Leeman, 1977: Fonnum, GOTTES-
FELD & GROFOVA. 1978: JFssELL. EMSON, PaxiNos &
Cuerro. 1978). However. other minor GABAergic
projections may also terminate parts of this nucleus.
especially in the pars compacta {FosstMm er al.. 1977;
BROWNSTEIN et al.. 1977}, In addition the GABAergic
innervation to the medialmost mesencephalic nuclei.
which also might be functionally important (STEVENS.
1979) is as yet undefined: the present study shows that
these regions have a highly specific pattern of
GABAergic innervation. The highest GAD activities
in the pars compacta of the substantia nigra and the
ventral tegmental area were found in the rostral
mesencephalon. At this level the rostromedial pars
compacta and pars reticulata exhibited the same
density of GABAergic terminals as the central pars
reticulata. while the caudal pars compacta had only
60°, of this GAD activity. Considerably lower activi-
ties were found in the medial accessory optic nucleus.
the caudal ventral tegmental area and the interpedun-
cular nucleus (FONNUM et al.. 1977, and this paper).
These data lead us to suggest that. at least in the rat,
both the medial part of the dopaminergic cells group




FiG. 3. Toludine-stained section showing the cytological features of the rostromedial substantia nigra
and adjacent regions. Compare with Fig. 2. Abbreviatons as in Fig. 2. Bar: 100 um.

67




69

113

--Aminabutyrate in nucleus accumbens efferents

—emm g

WL + 6o tyh s
(g + 10l t9hsR +
Ny + ol Wiy +
e + I¥ el +
WisT+ Ix IR +
S + 66 (IS E A
(rgs + (R tsrel +

(pauotsdjun )

apis pumisdy
LILI[(RIIRS
sied RN RIHIU PRUTNYRY

aw Gp 3y jouh)
oy M usd| o
apIs [RINPEILIO)

SNAIHIN LDV SN L 10 NOILY 1 IONVO R Hoosawned

1sdy duses om

+
+
+
+

-

.

:f;.:.:lu._::
UoIsd| vl
apis prarindj

[IRNEL

9y)gy +
WI9p
O3y #
o+
I +
w7y +

WwioL +

uw Aap Ry foustfy

1 UOXOMEARE LOOQ = d s TTO00 > dee

e

Sty
siy
99L
try
199
9Lt
tos

uondt M

AP (PINTRIUO)
ridiu 1:—:;/&3/ —_.:J.JEAZ—I:“

VALY T ONY vanIN VIINY

(pausaun vy

1SH S THT NI ALIALLDY

Heely + 6L
(IOl + 16
ol + LL
s + 6y
(Gre + tX
(P)Y + %

uoIsay O

apis jraaepsd]

1AL

41+

(am K1p &y -owr)

apts |RIARIEIU0)
v pmudwdal RaudA jRIsey

e ——————

SV IAXOHEY )3 AIVAVINID) T 418¥]

{(sajdwies jo 1ogUING) WIS + URAL ST paiuasaid synsay

e —————————

©iEp pajovd

9
sy
121
td
e |
iy

fewiay




114

70 1. Wat.aas and
A9 in the pars compacta, and the dopaminergic cell
group A10 in the ventral tegmental area (DAHLSTROM
& Fuxe. 1965) might preferentially be innervated by
GABAergic fibres rostrally.

Afferents from the nucleus accumbens. Our study
also defines the origin of one of the GABAergic inputs
to these regions: a signiticant population of GABA-
ergic terminals disppears from both the rostromedial
substantiu nigra. the rostral ventral tegmental area
and possibly a part of the caudomedial pars compactu
after destruction of the nucleus accumbens. This effect
1s not dependent on the involvement of nuclei adja-
cent to the nucleus accumbens, and the distribution of
these GABAecrgic terminals coincides well with the
termination of the efferent fibres from the nucleus
accumbens as visualized by anatomical methods
tConran & Pratr, 1976; NaUTa et ul.. 1978). Thus,
these GABAcrgic fibres probably originate in the
nucleus accumbens proper and do not represent fibres
en pussage destroved by the lesion. Some fibres from
the nucleus accumbens also extend into the lateral
pars compacta (NAUTA of ul 0 197%) and these might
alvo possibly contaim small contingents of GABAergic
tibres It so howeser they are too few to be detected
hy the techimgues emploved in the present study In
confrast o these rertons. we tind that the caudal A10
croup o the vental tegmentad area s not innervated
Sy measatable imounts ot GABAergse libres from the
woambors

ideus This v moagreement with our

Mevions stadies o hemattansected braans (Fosse g
e
: .

Fhe COABA svstem o the medual access-
uttafiected by the leston. and

AU A E Y T TS R )
e aife esults ot ggreement with the
tatemncs. ~tadies i st number b any of the

avcnmbons hrce womimate o these remions (N T
rises shows that the GABA-
Jrgie ivecs trom the aacteos accumbens can unl_\ be
{tus
anderiimes that the negatne hindimgs on GAD i
samples o whoele substante migra after large lesions
the INAGY CarTiR &
B 197%) mas not be entiredy correct

The present studs further demonstrates that the
nucleus weeumbens in many ways behaves like an
mtegral part of the rostroventral neostruatum. Fuestly,
the brochemical identitication of GABA as & transmut-
ter in the accumbens nigral pathway s consistent
with the indings for the stristonigral progection (Fos-
SeMoeral 1974 Fosse M et al. 1978). Secondly. the
rostromedial termination of these GABAergic fibres
i the substantis mgra 1s comparable to the distribu-
tion of the rostral neostriatal tibres, which are known
to terminate preferentially in medial parts of the sub-
stantia migra. while the caudal peostniatum  sends
fibres more laterally (BUssEY & AGHAJIANIAN, 1976,
Frreocu e ol 1978). The dorsal termimation of the
accumbens fibres also agrees with anatomical studies.
which hive shown that the ventral neostriatum sends
fibres preferentially to dorsal nigral regions, while the
dorsal neostriatum sends fibres to the ventral nigra

D TN O studh

tound with precise mietodissection technigues

n antenior neostnatum

F. FoNnNUM

{DoMESICK. 1977; NAUTA e al. 197%). Lastly. our
quantitative results show that the majority of the
GABAergic fibres from the nucleus accumbens (o the
mesencephalon terminates in the medial substantia
nigra and not in the ventral tegmental arca. They
therefore probably innervate cells which are situated
laterally to those dopamincrgic cells in the ventral
tegmental area which project buck to the nucleus
accumbens. This projection pattern has also been
found in the neostriatonigral pathway {(DOMESICK.
1977: FALLON & MOORE, 1978): restricted parts of the
neostriatum project most densely to nigral regions
immediately lateral to those nigral cells which inner-
vate that particular striatal locus. Taken together,
these data give additional credence o the proposed
neostriatal nature of the nucleus accumbens (H1 MR
& WiLson, 1975; Swansun & Cowas. 1975, Nat1a
et al. 1978 NAUTA, 1979: WaLAAS & FONNUM. 19795,

Possible functionat implications

The nigral neurons influenced by the GABAergic
fibres from the nucleus accumbens have not been
defined (NAUTA ¢f al. 1978). it has been shown that
GABAergic terminals in the rostral substantia nigra
influence nigrostriatal dopaminergic cells (Jamis &
StTARR. 1978) and the accumbens fibres could well be
imvolved 10 this system. However. also nigrotectal.
migrothalamic or migroreticutar neurons (CARPINTIR,
NAKANO & KM, 1976 Rinvik, GRofova & OvTig-
SEN, 1976 GRAYRIFL, 197K Bi CRSTEAD, DoMistok &
Nal TA. 19791 in the pars reticulats may be mvolved.
It s well known that locomotor actisity may be -
tated by dopaminergic mechanisms i the nucleus
accumbens (PUNINBURG & Vax Rosst M. 19730 and
the Lack of this dopamine effect has indeed been sug-
gested o be responsible for the akinesta found in the
Parkinsontan syndrome (ANor~ & Jounees, 19773
The GABAcrgic projection from the nucleus accum-
bens to the substantia nigra. or alternatively the very
dense GABAergie projection to the ventral pallidum
(WarLAAS & FONNUM. 1979h) could possibly represent
output pathways mediating these motor responses. as
both these nuclei seem to have connections 1o the
central motor system via the thalamus or the reticular
substance (HEMiR. 1978 CarPINTIR ¢f ol 1976
Bioksman o7 al, 1979).

Lastly. our results demonstrate that some GABA-
ergic fibres pass from the nucleus accumbens to the
rostromedial part of the ventral tegmental arca.
Retrograde transport techniques and electrophysio-
logical studies indicate that this region contans only
few cells projecting to the nucleus accumbens (NatTA
es al. 1978 WoLt ef al.. 1978), and our results there-
fore do not seem to give strong evidence i support of
a mesolimbic inhibitory “feed-back™ system. 1.e. that
dopaminergic A10 cells are mfluenced by a GABA-
crgic projection from the nucleus accumbens. The
majority of the mesolimbic dopaminergic cells pro-
jecting to the nucleus accumbens, as demonstrated
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by retrograde transport techmgues, is located more  dcknowledgements We thank Liv Eviassis (or technical
caudally (NAUTA ¢ al. 1978) and these cells are not  assistance, Dr A Soreior for help with the histologs and
innenvated by GABAergie fibres from the rostral - P 3 KaRisis for preparation of the drawings

forebrimn (FoxsNes of af, 1977; and this paper). -
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